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Pressure gain combustion has been known to be more thermodynamically efficient than
its constant pressure counterpart, which employs deflagration. Integration of pressure gain
combustors into gas turbine engines has been and still is one of the most important chal-
lenges facing the gas turbine industry. Pressure gain combustion devices are inherently
unsteady. This unsteadiness affects turbomachinery components designed using steady op-
eration assumptions, and results in mechanical inefficiencies which could outweigh the
thermal efficiency benefits. Understanding of turbine components specifically made to
operate in the exhaust conditions provided by a pressure gain combustor may yield new
turbine design paradigms. As a first step towards the turbine design problem, this thesis
discusses the effects of unsteady pressure gain combustion devices on gas turbine efficiency
as well as current models for pulse detonation engine operation. A new simplified linear
model for pulse detonation combustors is presented and compared to experimental data.
This model is then implemented as an element in a cycle analysis code using Numerical
Propulsion System Simulation (NPSS). This model captures the sharp peaks in flow prop-
erty variation without the need for expensive computational resources, outperforming other
simplified approaches in the literature. With this simplified model, tools may be developed
to carry out performance studies of new turbine concepts for pressure gain combustors.
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Chapter 1
Background
In this chapter, the problem that this thesis seeks to address is identified. Additionally,
the necessary theoretical background on detonation theory and pulse detonation engine
thermodynamic performance is presented.
1.1 Problem Definition
The current drive towards achieving significant increases in fuel efficiency has led to re-
newed interest in the integration of Pressure Gain Combustion (PGC) technology with gas
turbine engines. Constant Pressure Combustion (CPC) is the method currently used in gas
turbine engines to generate the enthalpy from which shaft work can later be extracted in the
turbine. CPC is an inefficient process in which 30-40% of the energy contained within the
fuel is wasted. As opposed to CPC, it is estimated that PGC could decrease Specific Fuel
Consumption (SFC) by 10-20% and increase power density by 20% [19].
Combustion can occur in two distinct modes, deflagration or detonation. While CPC relies
on deflagration, PGC relies on detonation. As the name CPC implies, deflagration can be
modeled as an isobaric process (although a small pressure decrease does occur) where the
temperature increases considerably and the flame front travels at low subsonic speeds. Det-
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onation can be modelled as constant volume combustion (although a small specific volume
decrease does happen) and occurs when the combustion flame front travels at supersonic
speeds and a shock wave is created which is fueled by an exothermic reaction. In contrast
to the isobaric nature of CPC, detonation results in very high increases in total pressure
along with greater thermal efficiency. Furthermore, should the gain in total pressure be-
come more stable, a gas compressor would not be needed resulting in considerable more
gains in power production from the turbine and significant fuel efficiency.
Although PGC results in higher thermal efficiencies, these gains are lost to the mechan-
ical inefficiencies that occur due to the unsteady nature of detonation. All PGC devices
introduce unsteadiness in the pressure, temperature or swirl angle. In the case of Pulse
Detonation Engines (PDE), any device downstream of the combustor will experience peri-
odic bursts of high amplitude pressure waves followed very low gauge pressure [20]. These
conditions will have a profound impact on the efficiency of turbines currently used in gas
turbine engines, which are optimized for steady flow.
Rouser (2012)[20] has shown that a 41.3% improvement in cycle-average specific work
coming from PGC integration was met by a 30% decrease in maximum reported radial
turbine efficiency. Similar results are expected for axial turbines, where considerations of
blade bending due to axial loads have to also be taken into account along with a lower
tolerance for stall.
Without turbines capable of operating under the unsteady conditions produced by PGC de-
vices, any gains coming from improved thermal efficiency will be lost when pressure gain
combustors are integrated with turbo-machinery. In order to make PGC a reality for shaft
work applications, efficient turbine components capable of operating in a wide range of
unsteady flow regimes are needed.
2
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Currently, no methods exist for the design of turbine components operating in the highly
unsteady flow regimes produced by PGC. No detailed analysis has yet been made to show
the ability of designing turbine components capable of operating in these environments.
In order to design these components, software tools must be created which allow for the
design and optimization of turbines operating in unsteady flow conditions. This thesis aims
at analyzing the high-level effects of PGC device integration with axial-flow turbines and
to develop a first approximation model for PGC devices that can be used for future turbine
design studies and the development of software tools.
This thesis’ goals can be identified as follows:
1. Gather and analyze PGC data to obtain specific enthalpy and mass flow histories of
cyclic pulse detonation engines.
2. Use the data obtained to derive analytical relations for the flow conditions at the exit
of PGC devices.
3. Linearize governing equations so that they may be reduced to low-order algebraic
form. This type of formulation is typical for meanline analysis [23] and could be
used for axial turbine design optimization in subsequent investigations.
4. Model flow properties of PGC devices using the obtained relations and compare with
experimental results.
1.2 Current Technology
Current experimental research into integration of PGC devices with gas turbine engines has
been centered on the use of radial turbines. While radial turbines are not optimized for op-
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eration in unsteady conditions, they are relatively easy to obtain and instrument (especially
in the form of an off-the shelf turbocharger). Due to the cumbersome nature of the flow in
radial turbines, axial turbines are better suited for integration with gas turbine engines, es-
pecially in applications which require larger engine geometries and mass flow rates where
radial turbines become impractical. Axial turbines also have the potential for higher effi-
ciency due to less flow turning, aerodynamic loading, and surface area. While some work
has been done to study multiple pulse detonation engines in a can-annular configuration
integrated with an axial turbine, no axial turbines have been designed or optimized for un-
steady flow.
Figure 1.1: Radial turbine - PDE rig used by the Air Force Research Laboratory [22].
Rotating detonation engines (RDE) are another current research topic which could have
promising results for integration with gas turbine engines. They differ from traditional det-
onation engines in that they rely on a continuously rotating detonation. Although these
engines create a continuously detonating wave, their flowfield characterization is still rel-
atively unknown due to strong axial and azimuthal components which result in complex
analysis. The heat transfer to the combustion chamber walls due to the continuously det-
4
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onating wave is also a challenge. Integration of RDE technology would require extensive
modification of the engine concept and overall vehicle architecture making its implemen-
tation unlikely in the near future.
1.3 Detonation Theory
Combustion may occur in two different modes: deflagration and detonation. Deflagration
is subsonic combustion and is the usual form associated with common combustion. In de-
flagration, the flame front propagates at subsonic speeds, heating the cold gasses in front of
the propagating combustion. Detonation occurs when the flame front travels at supersonic
instead of subsonic speeds, a shock wave precedes the flame front, increasing the pressure
and temperature of the reactants before entering the combustion zone located behind it.
While deflagration actually incurs a slight pressure decrease, detonation is accompanied by
a sharp increase in pressure. This pressure gain combustion provided by detonation is the
main benefit when compared to the more common deflagration mode of combustion. The
basic theoretical models of detonation waves are addressed below.
1.3.1 Chapman-Jouguet Detonations
Using a one dimensional, simplified approach the fundamental conservation laws which
apply to detonations can be explored. We consider a control volume which is attached to
the moving detonation wave and moves with it. The following assumptions are necessary
for such an approach [27]:
1. One-dimensional, steady flow in and out of the control volume
2. Constant area duct
3. Ideal-gas behavior
4. Constant and equal specific heats
5. Negligible body forces
5
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Figure 1.2: Control volume fixed on moving detonation wave.
6. No heat exchange with surroundings
With these assumptions in hand, the conservation equations for the control volume shown
above can be applied. In these equations, u1 refers to the detonation wave velocity (ud
in figure) while u2 refers to the velocity of the combustion products immediately after the
wave (ugas in figure).
Continuity
ρ1u1 = ρ2u2 (1.1)
Momentum conservation
P1 + ρ1u
2
1 = P2 + ρ2u
2
2 (1.2)
Energy conservation
h1 + u
2
1/2 = h2 + u
2
2/2 (1.3)
Simultaneous solution of the continuity and momentum conservation equations yields the
Rayleigh Line equation.
P2 − P1
1/ρ2 − 1/ρ1 = −m˙
′′2 (1.4)
This is called the Rayleigh Line because plotting (1.4) on a P-v diagram results in a straight
line with slope −m˙′′2.
6
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With the assumption of constant specific heats, the energy conservation equation may be
written as:
cpT1 + u
2
1/2 = cpT2 + u
2
2/2 (1.5)
If the energy conservation equation is to be satisfied along with continuity and momentum
conservation, the simultaneous solution of equations (1.1) (1.2) (1.5) along with the use of
the ideal-gas equation of state will yield:
γ
γ − 1(P2/ρ2 − P1/ρ1)−
1
2
(P2 − P1)(1/ρ1 + 1/ρ2)− q = 0 (1.6)
Equation (1.6) is known as the Rankine-Hugoniot Curve. Fixing a value of P1 and v1
(1/ρ1 = v1) and with a known value for the heat release q, a plot of (1.6) on a P-v diagram
will yield a curve representing the locus of all P2 and v2 points where mass, momentum,
and energy conservation are satisfied.
Pressure can be plotted as a function of specific volume for a given initial state (P1, v1) and
a known q. The initial state is sometimes referred to as the origin of the Rankine-Hugoniot
curve [27].
Since any thermodynamic process must satisfy both the Rayleigh Line and the Rankine-
Hugoniot curve, we can determine different sectors of the Hugoniot which correspond to
different physical states. No Rayleigh line can go through the point A (P1, v1) and cross the
Hugoniot between points B and C since this would imply a negative mass flow as seen from
equation (1.4). The sector between B, C on the Hugoniot thus corresponds to no realizable
physical state. A Rayleigh line going through A is tangent to the Hugoniot at D, this is
referred to as the upper Chapman-Jouguet point. Similarly, the line tangent at E is denoted
the lower Chapman-Jouguet point. A process resulting in a point located below C along
7
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Figure 1.3: Rankine-Hugoniot plot.
the Hugoniot would describe a heat addition process which produces a sharp increase in
specific volume along with a slight decrease in pressure. This is consistent with the defi-
nition of deflagration. On the other hand, processes which result in a point above B would
require heat addition along with a slight decrease in specific volume and a sharp increase
in pressure. This pressure gain combustion is precisely what is understood as detonation.
The tangency points D and E further divide the two modes of combustion into weak and
strong depending on the velocity of the products (burned gases). In this manner, detona-
tions which yield physical states above D are named strong detonations and would result in
burned gases travelling at subsonic velocities. Deflagrations yielding physical states below
E along the Hugoniot conversely result in burned gases travelling supersonically and are
named strong deflagrations.
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Strong detonations are a mathematical possibility but seldom occur. The detonations which
will be treated in this study are the so called weak detonations. Detonations of this type
entail reactants travelling at supersonic speeds and products remaining at subsonic velocity
after the detonation has passed. With the assumption of a one-dimensional detonation, con-
ditions at the upper Chapman-Jouguet point (point D) approximate the conditions of actual
detonations. Although detonations are highly not one-dimensional, this approximation has
proven to be reasonable [27].
Detonations which are taken as having the conditions of the upper Chapman-Jouguet point
are referred to as Chapman-Jouguet detonations. Since detonations above this point result
in burned gases with supersonic velocities and the ones below have subsonic velocities, it
fellows that the products of Chapman-Jouguet detonations will have sonic velocity. With
this in mind, and from simple continuity it follows that:
ρ1u1 = ρ2u2 (1.7)
Where ρ1, u1 are the reactants density and velocity as seen by an observer riding on the
detonation wave. ρ2, u2 are the respective properties of the reactants after leaving the
wave. It follows from this definition that the detonation wave speed (uD) is equivalent to
the reactants’ speed into the wave (u1). uD = u1. From this and other thermodynamic
relations, the Chapman-Jouguet detonation velocity can be expressed in terms of other
quantities:
ud =
[
2(γ2 + 1)γ2R2
(
cp,1
cp,2
T1 +
q
cp,2
)]1/2
(1.8)
With this equation in hand the Chapman-Jouguet (CJ) velocities for different mixtures can
be calculated.
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1.3.2 ZND Detonation Wave Structure
The Zeldovich-von Neumann-Dring (ZND) model of the detonation wave describes the
structure of detonation taking into account finite reaction rates. While gases going through
a CJ detonation wave instantaneously react to yield the combustion products, the ZND
model takes into account the fact that combustion must happen at a finite rate and that there
must be a reaction region of finite width. When compared to CJ detonations, the ZND
model predicts higher peak pressures and lower temperatures.
Figure 1.4: Structure of a ZND detonation wave [31].
As is seen in the diagram above, reactants enter at initial conditions going through a shock
front. This shock front increases the pressure drastically. The temperature increases due to
the shock but since the reaction hasn’t had time to occur yet, this temperature is lower that
the post detonation value. This state following the shock is known as the von Neumann
10
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state, the high pressure rise being referred to as the von Neumann pressure spike. The dis-
tance along which this state occurs is the induction zone.
Once the reaction has had time to start, the induction zone transitions into the reaction
zone. This is where the combustion reaction occurs and is accompanied by a decrease in
pressure and increase in temperature to yield the final equilibrium post-detonation state. In
this manner, the ZND model features a shock followed by an induction zone and a reaction
where deflagrative combustion occurs.
The size of the induction and reaction regions varies with the stoichiometry and compo-
nents of the mixture. The ZND model also assumes one dimensional detonations, which
is not the case in reality. As reaction rates increase towards infinity, the ZND detonation
approaches the CJ detonation.
1.4 Detonation for Turbo-Machines
As stated earlier, detonation results in higher thermal efficiencies than deflagrative com-
bustion. An illustration of these thermal efficiency benefits for gas turbine engines can be
seen by investigating the thermodynamic cycles which result from devices implementing
this combustion mode.
1.4.1 Thermodynamic Cycles
The thermodynamic cycle of conventional gas turbines is the Brayton cycle.
The Brayton cycle consists of compression followed by conventional deflagrative combus-
tion, expansion, and exhaust. The thermal efficiency of the Brayton cycle depends only on
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Figure 1.5: Idealized Brayton cycle.
the compression static temperature ratio (ψ) and is given by [8]:
ηth = 1− (1/ψ) (1.9)
Different thermodynamic cycles have been used to depict engines employing detonation.
These cycles are scientific tools and are only to be seen as simplified methods to study
the benefits of detonation. The discussion will be focused on the thermodynamics of the
Pulse Detonation Engine (PDE). PDE’s have a complex and unsteady mode operation. The
cycles presented here can act only as surrogates to illustrate the thermodynamics of pulse
detonation engines.
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Humphrey Cycle
The Humphrey cycle has commonly be used to describe pulse detonation engines due to
its simplicity. The Humphrey cycle is based on the Brayton cycle, where the heat addition
at constant pressure is replaced by a constant volume heat addition process. The thermal
efficiency of the Humphrey cycle is given by [8]:
ηth = 1−
(
CpT
q
)[
1 +
(
γq
ψCpT
)1/γ
− 1
]
(1.10)
ψ is the compression static temperature ratio. A Mollier diagram depicting both the Humphrey
and Brayton cycles is given below:
Figure 1.6: Idealized Brayton and Humphrey cycles.
While the Humphrey cycle can be used as a notional first-approximation tool to visualize
the benefits of detonation engines, the constant volume heat addition process does not fully
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represent the thermodynamics of the detonation process.
Fickett-Jacobs Cycle
The Fickett-Jacobs (FJ) cycle is based on Chapman-Jouguet detonations and is used to
calculate an upper bound for the amount of mechanical work that can be extracted from a
given detonation [31]. The cycle is based on a piston-cylinder arrangement as shown below
and the following steps take place:
Figure 1.7: Step by step Fickett-Jacobs Cycle [31].
1. Reactants at initial state. (S1)
2. Isentropic compression to state 2. (S2)
3. Detonation front started due to external work added. (S3)
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4. Detonation propagates and products are at post detonation state 4 and velocity up.
(S4)
5. Mechanical work is extracted and system isentropically comes to rest at sate 5. (S5)
6. Isentropic expansion of products to initial pressure at state 6. (S6)
7. Heat rejection to reach initial temperature. (Not shown)
The Fickett-Jacobs cycle is shown below on a Mollier diagram.
Figure 1.8: Fickett-Jacobs Cycle Mollier Diagram.
As can be seen, the step between steps 3 and 4 cannot be represented by a thermodynamic
path as this is the step in which the detonation is created and propagates inside the cylinder.
The PDE Cycle
While the Humphrey cycle is a first approximation and the FJ cycle gives an upper bound to
possible work extraction, these cycles do not truly capture the dynamics of the detonative
process in a pulse detonation engine. The FJ cycle is based on Chapman-Juguet detonations
and hence assumes an infinite reaction rate. A more accurate cycle model is the ideal PDE
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cycle described by Heiser and Pratt [8]. This cycle is identical to the Brayton cycle where
the heat addition process is replaced by the detonation wave process. Before continuing,
it must be noted that cycles representing detonation are lagrangian in nature and follow a
fluid parcel through the engine. Brayton cycles used to describe conventional jet engines
on the other hand, have a specific engine location associated to each point in the cycle. This
is not true of PDE cycle where each state is associated to a specific point in time during the
process.
The ideal PDE cycle is based on the ZND detonation model which describes detonations
as a compound wave consisting of a normal shock followed by a reaction zone. This heat
release occurs in a constant area region and can be thus described as Rayleigh flow. We
describe the ideal PDE cycle as comprising of the following steps:
1. Initial state. (S1)
2. Isentropic compression to state 2. (S2)
3. Leading shock wave compresses raises temperature of reactants to state 3. (S3)
4. Heat release due to combustion reaction following the shock puts the products at state
4. (S4)
5. Isentropic expansion to initial pressure at state 5. (S5)
6. Heat rejection to initial temperature. (S1)
Heiser and Pratt present the following expression to calculate the thermal efficiency of
pulse detonation engines operating using the ideal cycle:
ηth = 1−
[
1
MCJ
(
1 + γM2CJ
γ + 1
)(γ+1)/γ
− 1
]
/(q/CpT ) (1.11)
WhereMCJ is the Chapman-Jouguet Mach number corresponding to the leading shock and
is calculated as derived by Shapiro [24]:
M2CJ = (γ + 1)(q/CpTψ) + 1 +
√
[γ + 1](q/CpTψ) + 1]2 − 1
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Figure 1.9: Ideal PDE cycle Mollier Diagram.
ψ is the compression static temperature ratio.
1.4.2 Comparison of Cycle Efficiencies
A direct of comparison of ideal thermal efficiencies for PDE vs. Brayton cycles cannot
be made simply by comparing the Mollier diagrams shown above. Since detonation is an
unsteady process, the peak enthalpy represented by the detonation cycles is only such for
combustion products immediately following the detonation wave. However, we can use
the thermal efficiency definitions given by Heiser and Pratt to obtain plots of how thermal
efficiency varies with compression static temperature ratio for ideal Brayton, Humphrey,
and PDE cycles.
Upon adding the irreversibilities of real cycles, it is shown that PDE cycle efficiency drops
below that of the Brayton cycle for ψ > 3. This means that for isentropic ram compression
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Figure 1.10: Thermal efficiency of ideal PDE, Brayton and Humphrey cycles as function
of initial compression static temperature ratio (ψ) [8].
from around Mach 3, Brayton cycle efficiencies start to beat those obtained from the PDE
cycle. The PDE cycle is more thermally efficient that the Brayton cycle at static conditions.
Another benefit of pulse detonation engines which must be addressed apart from thermal
efficiencies is that PDE’s do not need any form of compression devices as the pressure gain
is part of the combustion process.
A final commentary is that the cycle analysis presented here does not take into account the
unsteadiness of detonation devices, requiring some form of averaging procedure to properly
compare PDE’s to steady devices. This will be discussed in the following chapter.
1.5 Pulse Detonation Flow Modelling
In order to investigate the viability of future propulsion systems employing detonation,
performance models which can capture the transient dynamics of pulse detonation engines
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become extremely important. There has already been work done on simple flow models
for pulse detonation engines [15, 16, 31, 3] but these have usually been formulated with
simplifying assumptions that make them useful for certain applications and not others.
The hybrid method presented by Paxson [15, 16] is so called because it combines alge-
braic lumped volume relations with an Euler flow solver. This results in a simplified model
code which can produce results in fractions of a second. The result of such an approach
yields flow property variations which conserve mass and energy when compared to CFD
simulations and which are within 25% of CFD results in terms of cycle timing. A major
drawback of this method is that the flow property variations do not capture the large spike
in flow properties at the beginning of the cycle. This model also presents flow properties as
a function of exited mass instead of time. The red line in the figure represents the simplified
approach while the yellow is the CFD result. The difference in the two near the spike is
seen. While this modelling method satisfies continuity and energy conservation between
the 1-D modelled and the CFD result, it does not properly capture the peak characteristics.
This is a major problem when it comes to using such a model for turbine design studies.
This model presented in this thesis uses an approach which can model the peak to and rest
of the blowdown to a good level of accuracy.
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Figure 1.11: Exit velocity vs. exited mass flow for simplified hybrid PDE model in red.
Complete CFD results are presented in yellow while the blue and green represent two
different algebraic models [16].
Endo and Fujiwara [3] also developed a simplified PDE performance model which can
yield flow property variations respect to time. This model was developed in order to mea-
sure thrust performance so it was not formulated with the idea of tracing the transient
dynamics of flow behaviour near the exit plane. Because of this, this model served as the
main inspiration from which to develop a new simplified model which can yield transient
flow histories at the exhaust. This new model is presented in this thesis and was used for
transient simulations using NPSS.
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Figure 1.12: Endo-Fujiwara Model Transient Pressure Variation [3].
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Chapter 2
Analysis
In this chapter, methods to arrive at steady state equivalent states are presented as a means
to pick a design point on which to base a turbine design. The validity of such methods is
then evaluated by taking into account the flow unsteadiness using experimental data.
2.1 Flow Averaging Methods
In order to study the unsteady flow characteristics of pressure gain combustors, it becomes
advantageous to be able to define equivalent steady-state thermodynamic properties of the
flow in order to compare different flow regimes. As explained by Cumpsty and Horlock,
there exist appropriate, rigorous methods to average unsteady flows depending on their
application [2]. Whether these averaging methods can yield an equivalent steady-state
useful for design considerations as in the case of axial turbines subjected to PDE exhaust
flow is doubtful. However, some authors [17] [7] have used some form of flow averaging
in order to quantify the performance of Pulse Detonation Engines. In order to study the
validity of these averaging methods as applied to the turbine design problem, we investigate
two possible flow averaging techniques. We then apply these flow averaging techniques to
obtain equivalent states for experimentally gathered PDE flow data and comment on the
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validity of designing turbomachinery components based on these equivalent steady flows.
2.1.1 Exergy-Entropy Averaging
Exergy (or availability) is defined as the maximum available work that can be obtained
from a process. In contrast to energy, which can never be destroyed, exergy can be lost by
a process in which a temperature change occurs. Exergy takes into account irreversibilities
as it measures the work that can be obtained by a system as it reaches thermal equilibrium
with a heat sink. The destruction of exergy is due to the increase in entropy as the system
reaches equilibrium with its surroundings.
Exergy can be defined as: [2]
B = H − TRS (2.1)
Where B is the total exergy of the system, H the total enthalpy, TR the temperature of the
surroundings, and S the entropy of the system.
In order to find an equivalent thermodynamic state for unsteady flow, we can state that a
steady-state flow is desired which conserves the same exergy and entropy as the original
unsteady flow.
Bactual = BEQ
From the equations above, we see this also entails that the total enthalpy be the same. Us-
ing these premises, we strive to find the pressure and temperature that such an equivalent
steady-state flow should have.
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The entropy change for a system is given as:
∆s = cP × ln(T/Ti)−R× ln(P/Pi) (2.2)
Where the i subscripts denote an initial state against which the entropy change is measured,
since entropy cannot be defined in an absolute sense.
We state that the mass averaged entropy is equal to an equivalent entropy change, thus:
∫ mr
0
∆Sdm∫ mr
0
dm
= ∆SEQ (2.3)
And an equivalent temperature and pressure are related to an equivalent entropy by:
∆SEQ = cP × ln(TEQ/Ti)−R× ln(PEQ/Pi) (2.4)
Equating (2.2) and (2.4) and knowing (2.3), we arrive at the following relation:
1
mr
(∫ mr
0
γ
γ − 1 ln
(
T
Ti
)
dm−
∫ mr
0
ln
(
P
Pi
)
dm
)
=
γ
γ − 1 ln
(
TEQ
Ti
)
− ln
(
PEQ
Pi
)
Solving for PEQ
Pi
:
PEQ
Pi
= exp
{
1
mr
∫ mr
0
ln
(
P
Pi
)
dm− γ
mr(γ − 1)
∫ mr
0
ln
(
T
TEQ
)
dm
}
(2.5)
Or, by assuming an absolute entropy function:
PEQ = exp
{
1
mr
∫ mr
0
ln (P ) dm− γ
mr(γ − 1)
∫ mr
0
ln
(
T
TEQ
)
dm
}
(2.6)
As stated earlier, the total enthalpy must also be the same for the actual and equivalent flows
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when using this averaging method. By assuming a constant cP , TEQ becomes nothing more
than the mass averaged temperature, so that:
TEQ =
1
mr
∫ mr
0
Tdm (2.7)
Implementing these relations on experimentally gathered data can yield the Exergy-Entropy
averaged equivalent state. We apply these relations on experimental Pulse Detonation En-
gine exhaust data gathered by Rouser [20].
P0EQ 2.800 bar
T0EQ 1163.5 K
Figure 2.1: Exergy-Entropy equivalent states for total pressure (top) and total temperature
(bottom). Data collected by Rouser [19].
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2.1.2 Momentum Averaging
The Exergy-Entropy averaging method is rather rigorous from the thermodynamic point of
view, however, the premise that exergy has to be the same between the equivalent and actual
flows may not be entirely true once the effects of unsteadiness are taken into account[4].
From the relations for Exergy-Entropy averaging, the equivalent velocity of the flow after
expansion to exit static conditions would be given by:
u¯2e = 2cP (T0EQ − Te) (2.8)
Where T0EQ is the mass averaged total temperature as before and Te the exit static temper-
ature. u¯2e is then the square of the resulting exit flow velocity. When calculating a mass
averaged exit velocity, we get the following relation:
u¯e =
∫ mr
0
√
2cP (T0 − Te) dm∫ mr
0
dm
(2.9)
Where Te is the exit static temperature and T0 the total temperature at any point in the cycle.
From this, we see that generally:
u¯2e 6= u¯e2 (2.10)
Equation (2.10) is significant, it demonstrates how the calculated equivalent velocity changes
depending on the averaging method due to unsteady flow. This is known as the effect of
non-uniformity [4]. We may thus desire to find another equivalent state that yields a fully
expanded flow velocity equal to the mass averaged value. We refer to this as momentum
averaging.
We want to achieve:
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u¯e = uEQ (2.11)
And using the relations above:
√
2cp(T0EQ − TsEQ) =
∫ mr
0
√
2cp(T0 − Ts)dm∫ mr
0
dm
(2.12)
Using the isentropic flow relations we can state:
(T0 − Ts) = T0(1− (Ps/P0)(γ−1)/γ) (2.13)
And with a constant cp assumption, an equivalent total temperature conserving the same
enthalpy as the original cycle is given by the mass averaged total temperature.
T0EQ = T¯0 =
1
mr
∫ mr
0
T0dm (2.14)
Using (2.13) and (2.14) in (2.12) and after some manipulation we obtain:
(
Ps
P0
)
EQ
=
1−(∫ mr0 √T0 − TsEQdm
mr
√
T0EQ
)2γ/(γ−1) (2.15)
The equivalent static temperature is given by:
TsEQ = T0EQ −
∫ mr0
√
(γ−1)u2
2γR
dm
mr
2 (2.16)
So that (2.15) can be written as follows. A similar result is obtained by Paxson [15]:
(
Ps
P0
)
EQ
=
1−
∫ mr0
√
(γ−1)u2
2γR
dm
mr
√
T0EQ
2

γ/(γ−1)
(2.17)
These equations allow an equivalent steady state producing an exit velocity equal to the
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mass averaged value to be found. The exit static pressure needs to be known.
Assuming a static exit pressure of atmosphere, these relations are applied to the Rouser
data obtaining results as shown.
P0EQ 1.110 bar
T0EQ 1163.5 K
Figure 2.2: Momentum equivalent states for total pressure (top) and total temperature (bot-
tom). Data collected by Rouser [19].
As can be seen, this method yields an equivalent total pressure only slightly above the
assumed exit static pressure. Since there are very low velocities for a large portion of the
cycle, the mass averaged value yields a low total-to-static pressure ratio. Also, the velocity
data gathered at the tube exit is subject to many three dimensional effects which do not
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necessarily correspond to a fully expanded flow as this approach assumes.
2.2 Effects of Flow Unsteadiness on Turbine Performance
Experimental data is gathered in order to analyse the time history of flow parameters and
investigate the possible effects of these flow conditions on turbine design. Data gathered
by Rouser [19] is used. This data was obtained as part of doctoral research at the U.S. Air
Force Academy and is especially useful to this investigation due to the fact that time his-
tories of temperature, pressure, and velocity were obtained. While the ERAU Gas Turbine
Laboratory has its own Pulse Detonation Engine test bed, the laboratory currently does not
have the capability to measure temperature and velocity of the exhaust gases.
2.2.1 Experimental Data Analysis
An experimental pressure distribution from the ERAU Gas Turbine Laboratory is shown
below showing the quick variation in pressure present in a PDE.
Figure 2.3: Pressure trace from ERAU Gas Turbine Laboratory Pulse Detonation Engine.
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Sample data gathered by Rouser is shown below. This corresponds to pressure tempera-
ture, and velocity distributions at the inlet and exit of a radial turbine attached to a pulse
detonation engine. The pulse detonation engine is fueled by Ethylene and run at 20 Hz.
This data was digitized and used for
Figure 2.4: Pressure, temperature, and velocity data for 20 Hz ethylene PDE by Rouser
[19].
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We investigate the rate at which enthalpy is expelled from the pulse detonation engine over
the duration of two cycles. By keeping track of the amount of enthalpy that has exited the
tube with time, we see that there is a clear moment coinciding with the detonation front
exit where most of the enthalpy has exited.
Figure 2.5: Cumulative enthalpy expelled from pulse detonation tube over two cycles.
We can take measurements of pressure, temperature, and velocity to come up with trends
of mass flow and enthalpy versus time during the cycle. The oscillatory nature stems from
the velocity data gathered by particle streak velocimetry (PSV)[19]. The difference in mag-
nitude between pulses is in part accentuated by the data interpolation that was performed.
These plots should thus be interpreted as general trends rather than exact values.
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Figure 2.6: Non-dimensional mass flow and enthalpy over two cycles.
Figure 2.6 shows two pulses (cycles) from an experimental pulse detonation engine. It is
seen how, in between the two pulses, a large valley exists where periods of extremely low
mass flow and enthalpy are present. This has important implications for turbines.
2.2.2 Turbine Performance
Turbine performance maps can be used to gauge the efficiency of a turbine over its oper-
ational range. These maps relate a turbine’s efficiency to functions of pressure ratio and
spool speed. A given turbine design will have its own characteristic turbine map. In order
to obtain such a map, a mean-line analysis code or experimental measurements would be
needed. In any case, turbine maps all have the same generic bell distribution, showing the
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highest efficiency at the turbine design point. This presents problems for turbines subjected
to the flow from pulse detonation engines. Even if a design point were chosen using one
of the methods discussed earlier, low efficiencies would result during the swings in mass
flow, enthalpy, and pressure ratio resulting from the transient PDE behaviour. In order to
illustrate this, a generic turbine map is subjected to the experimental flow conditions shown
above, and the variation of efficiency is seen.
A generic map corresponding to a low sensitivity turbine is chosen. A low sensibility tur-
bine is one that will allow for large variations in mass flow and pressure ratio away from
design point without largely affecting efficiency. The efficiency of turbines for pressure
ratios higher than design point is relatively unknown, but what is sure is that it would de-
crease. The map used here is similar to the one used by Paxson for a similar study [16].
In this case, the spool speed is assumed constant over the cycle[16]. We consider this a
necessary assumption for simplified analysis but could be justified in the light of a varying
load on the shaft which drives the turbine to a preset RPM. Additionally, we must consider
that the transients occur fast enough that turbine response can be considered negligible for
our study. The map only shows the characteristic corresponding to nominal spool speed.
RPM’s below the nominal would shift the characteristic down and vice-versa.
We define turbine pressure ratio in this case as inlet over exit static pressure (the opposite
as for compressors) so that values above unity correspond to an expansion process. In the
map above, a scaled pressure ratio is used. The scaled pressure ratio is an artefact which
allows us to scale the map about the design point pressure ratio. This scaled pressure ratio
is found as follows [16]:
pi0scaled =
pi0 − 1
pi0design − 1
(2.18)
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Figure 2.7: Scaled turbine map for a generic low-sensibility turbine.
The design pressure ratio is chosen as the equivalent pressure ratio calculated by the Exergy-
Entropy Averaging Method. This illustrates whether the choice of a single equivalent de-
sign point is a valid approach. Conceptually similar results would be obtained if the Mo-
mentum Average were used.
A plot of the variation of scaled pressure ratio that the turbine is subjected to during the
course of one cycle is shown in Figure 2.8. The time scale demonstrates the short amount
of time for which the scaled pressure is actually above zero. During much of the cycle, the
actual pressure ratio that the flow is subjected to is negligible, as shown by the pressure
distributions. Only the small portion of time for which pi0scaled is above zero is shown.
With such a variation in pressure ratio, the variation in turbine efficiency that results is as
shown in Figure 2.9. Portions to the left and right of the red lines are not defined as they
fall outside the turbine map. Again, only the small portion of time for which efficiency can
be calculated is shown.
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Figure 2.8: Scaled pressure ratio variation for PDE exhaust flow .
Figure 2.9: Efficiency variation for PDE exhaust flow .
The time axis in Figure 2.9 shows how the efficiency can only be calculated for a small por-
tion of the cycle. For a large portion of the cycle the operating conditions fall outside the
map. Mass averaging the efficiency over the entire cycle gives a mass-averaged efficiency
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of 0.28. While this is not a rigorous measure, it gives an idea of the range of operating
conditions that are expected of the flow from pulse detonation engines. These results show
that choosing an equivalent steady state design point is not a viable solution to the turbine
design problem.
As seen in the plots shown, there are long periods of very low mass flow during the cycle.
For cases of very low mass flow, the rear stages of a turbine start to consume energy, result-
ing in losses due to wind-milling. Such a process results in higher temperature and entropy
[23].
The wind-milling power consumed can be calculated using the following relation [23]:
Lwo = CpiDm3h3ρ3U
3
3 (2.19)
In the equation above, C is an experimental factor, Dm3 and h3 are related to turbine rotor
geometry, ρ is density, and U3 is the rotor meanline velocity. Using relations such as this, a
method for calculating axial turbine performance under extreme low mass flow conditions
using an algebraic method is shown by Schobeiri and Abouelkheir [23]. Such an approach
could be ported to a design tool for axial turbines in pulse detonation engines, however, an
algebraic model capable of capturing the transient behavior of pulse detonation combustors
would also be needed. Such a model is presented in the next chapter.
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Modelling
In this chapter, a one-dimensional method to model the transient flow characteristics of a
pulse detonation engine is derived. A simplified model of a plenum chamber is also pre-
sented with the objective of later being able to combine both models to perform simplified
system simulations using the Numerical Propulsion System Simulation software tool.
3.1 Pulse Detonation Combustor Model
A 1-D Pulse Detonation Combustor model is developed which can be used to determine
the post-detonation conditions of the gas inside the combustor and characterize the exhaust
flow from the combustor following the propagation of the detonation.
3.1.1 Post-Detonation State
Since we are looking for a simplified 1-D model, the post-detonation conditions for the gas
can be found using the Chapman-Jouguet relations given the initial conditions are known.
As shown by Landau and Lifshitz, a detonation corresponding to the Jouguet point will be
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characterized by the following static pressure:[11].
P2 = P1 × u
2
d + (γ2 − 1)cv1T1
(γ2 + 1)(γ1 − 1)cv1T1 (3.1)
Where ud is the detonation wave speed respect to the unburnt reactants. The subscripts
indicate conditions prior to the detonation (1) and immediately following the detonation
(2), i.e., C-J conditions.
Likewise, the post detonation static density is given by:
ρ2 = ρ1 × (γ2 + 1)u
2
d
γ2[u2d + (γ1 − 1)cv1T1]
(3.2)
As explained by Landau and Lifshitz, the detonation wave velocity can be calculated know-
ing the initial temperature and heat addition parameter q [11]. The heat addition parameter
is the specific heating value of the fuel-oxidizer mixture at the given equivalence ratio or
fuel to air ratio.
ud =
√
1
2
(γ2 − 1)[(γ2 + 1)q + (γ1 + γ2)cv1T1]+
√
1
2
(γ2 + 1)[(γ2 − 1)q + (γ1 − γ2)cv1T1]
(3.3)
The velocity of the gas itself immediately following wave (as the gas will not be moving at
the same speed as the wave) is also given by Landau and Lifshitz as:
ugas =
√
2[(γ2 − 1)q + (γ2 − γ1)cv1T1]
(γ2 + 1)
(3.4)
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The static post-detonation temperature can be calculated as:
T2 =
(ud − ugas)2
cv2γ2(γ2 − 1) (3.5)
The quantity (ud − ugas) is the detonation wave velocity respect to the burnt gas immedi-
ately following the wave.
With these equations in hand, the thermodynamic state of the gas following the detonation
can be determined. As is seen, an iterative scheme must be used since post-detonation γ2
and cv2 are required to solve these equations.
3.1.2 Blowdown
Once the thermodynamic conditions immediately following the detonation wave are known,
it is desired to find an algebraic method that will yield the thermodynamic state of the gas
as a function of time at the exit of the pulse detonation combustor tube. The flow travelling
inside the pulse detonation combustor can be considered a similarity flow. The properties
of the gas can be considered to vary with location at a fixed time or, alternatively, with time
at a fixed location. The distribution of thermodynamic properties respect to time or respect
to location will be similar, differing only in the scale along the abscissa. Similarity flow
property distributions respect to both time and location can only be related via the ratio x/t
with x representing the location and t the time [11].
We first consider the similarity flow of a rarefaction wave in a pressurized tube which
is opened at one end. Equations for this one-dimensional similarity flow come from the
formulation of Euler’s equations in a single dimension. The local speed of sound is given
as [11]:
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Figure 3.1: Property variation vs similarity parameter.
c = c0 − 1
2
(γ − 1)|u| (3.6)
Where c0 is sound velocity for the gas at rest and v is the local velocity.
Figure 3.2: Similarity rarefaction wave exiting a tube.
The local density and pressure are thus determined as [11]:
ρ = ρ0[1− 1
2
(γ − 1)|u|/c0]
2
(γ−1) (3.7)
p = p0[1− 1
2
(γ − 1)|u|/c0]
2γ
(γ−1) (3.8)
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The velocity versus the similarity parameter x/t can then be found [11]:
|u| = 2
γ + 1
(
c0 − x
t
)
(3.9)
A derivation of these relations is found in the appendices.
For the case of a pulse detonation combustor, a rarefaction wave following the detonation
wave will travel towards the closed end of the tube. The detonation wave compresses
the gas and the pressure decreases with the parameter x/t as a rarefaction wave follows the
detonation front. The flow must slow down in the rarefaction wave to satisfy the boundary
condition of zero velocity at the wall on the closed end.
Figure 3.3: Similarity rarefaction wave following a detonation wave.
The flow immediately behind the detonation wave travels at a velocity given by Eq. (3.4).
To an observer travelling with the flow at this speed, the flow behind him (in the rarefaction
wave) will appear to be accelerating away from him. In this relative frame the flow accel-
erates backwards as it expands. The result in the absolute frame is that the flow behind the
detonation will slow down progressively as thermodynamic properties such as pressure and
temperature decrease in accordance with the similarity flow relations.
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From this relative frame formulation, the c0, p0, and ρ0 from the similarity flow relations
are taken to be the sonic speed, pressure, and density immediately following the detonation
wave, not total conditions. This allows for all thermodynamic properties of interest, in-
cluding velocity, to be calculated inside the rarefaction wave as a function of the similarity
parameter x/t.
The next step is to be able to obtain a solution that depends solely on the time, as we are
interested in only one location, namely, the exhaust plane of the tube. With Eq. (A.24),
and taking into account that we formulate the similarity flow relations in a relative frame
moving at the velocity of the flow immediately behind the detonation (ui), we get:
u = ui − 2
γ + 1
(
c0 − x
t
)
(3.10)
This is the velocity of the gas following the detonation in the absolute frame at a given
location and time as related by the similarity parameter x/t.
In order to obtain the solution strictly based on time (with the exhaust plane as location),
we establish the following:
x
t
= c0 ∀ x = L, u = ui
t =
L
c0
≡ τ
L is the the length of the tube. At this location, to obtain u = ui, the similarity parameter
must be x/t = c0 this determines a time value which will be referenced as τ , the character-
istic time for a tube of determined length and detonation front properties. The value of c0
is determined from the CJ temperature immediately behind the detonation front.
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The distance that the wave has travelled along the tube in a given time interval is:
x = ud∆t
So that, from Eq. (3.10), the gas velocity is:
u = ui −
2(L
τ
− L−ud∆t
τ
)
γ + 1
u = ui −
2× ud∆t
τ
γ + 1
(3.11)
Where we take the ∆t as the time interval from t = τ . With these relations, the properties
at the given location can be calculated at a specific time in a time-marching fashion. In
this formulation of the model, the subscript 0, e.g., p0, does not denote total conditions, but
rather the static post-detonation conditions.
3.1.3 Exhaust
Once the velocity reaches zero during the blowdown phase immediately following the det-
onation wave, not all of the reacted gas will have exited the detonation tube. At this point,
the whole tube can be considered to be at one single state, namely, at the pressure and tem-
perature reached in the exhaust plane at the end of the detonation phase. Such an approach
is also considered in the model proposed by Endo and Fujiwara [3]. In this last state, the
pressure inside the tube remains greater than the back pressure so that the remaining prod-
ucts will begin to be exhausted. For this portion of the model, a similar approach can be
used as in the blowdown phase, making use of the one dimensional similarity flow relations.
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In this case we do not need to deal with relative frames, and the velocity is given by:
u =
2
γ + 1
(
c0 − x
t
)
(3.12)
An exhaust characteristic time for the tube is defined, given by the tube length and the gas
speed of sound at the start of the exhaust phase, c0ex .
x
t
= c0ex ∀ x = L, u = 0
t =
L
c0ex
≡ τex (3.13)
If using a global time variable for transient simulation which starts when the detonation
reaches the exhaust plane, the time variable will have to be adjusted accordingly in order
to take into account the time elapsed from this time constant.
tc = t− tex + τex (3.14)
So during the exhaust phase, the adjusted time parameter (tc) is given by the equation
above, with tex as the time at the beginning of the exhaust phase.
Then, the new velocity can be time marched for each time step:
u =
2
γ + 1
(
c0 − L
tc
)
(3.15)
And the pressure and density are given by Eq. (A.22) and Eq. (A.23), where the p0 and ρ0
are now defined as the overall pressure and density of the whole tube from the previous
time step. These values are calculated from the consideration that at each time step, an in-
finitesimal amount of mass exits the tube, bringing the overall density and pressure down.
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In this sense, the exhaust phase of the cycle is modelled as a lumped volume. The infinites-
imal mass is calculated from the velocity, area, density, and the time step size. From this,
the new overall tube density (ρexnew) is calculated.
ρexnew = (ρoldAL− ρnewunewA∆t)/(AL) (3.16)
With the relations above, the solution can be time marched until the pressure of the tube
equates to the back pressure.
3.1.4 Summary and limitations
The 1-D model for a detonation tube can be summarized as follows:
1. A heat addition parameter is calculated given the fuel, oxidizer, and equivalence ratio
(or FAR).
2. Post-detonation flow properties (c0, u0, T0, p0, ρ0) are calculated through an iterative
solution of the Chapman-Jouguet relations.
3. The tube characteristic time (τ ) is calculated from detonation velocity and tube length.
4. Using a specified dt, the gas velocity is calculated at a given time using Eq. (3.11).
5. Flow properties at given time are calculated via Eq. (A.22), Eq. (A.23), and basic
thermodynamic relations.
6. The solution is time-marched until flow velocity reaches 0, i.e., the blowdown pro-
cess has ended.
7. At this point a new time constant is calculated using Eq. (3.13).
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8. New velocity, and flow properties are calculated using Eq. (3.15), Eq. (A.22),Eq. (A.23)
and basic thermodynamic relations.
9. New overall density is calculated due to mass exhaust using Eq. (3.16).
10. Solution is time marched until tube pressure matches back pressure.
It is important to note a major limitation of this model apart from obvious 1-D considera-
tions. The relations presented here would not be valid once the detonation exits the tube
into the open, as the flow would move in all three directions once it encounters the open
area. However, for moderate changes in area with the tube attached to other engine compo-
nents, the 1-D model presented here can still be used as a first approximation to characterize
the unsteady flow conditions to which downstream components such as turbines would be
subjected.
3.2 Plenum Modelling
As a way to mitigate the unsteady nature of PDE’s, it is interesting to investigate the con-
cept of adding a plenum downstream of an array of pulse detonation engines. This plenum
could then be connected to the turbine, providing a quasi-steady flow with more moderate
variations in flow properties. A simple diagram of this concept is shown below.
We want to create to a one-dimensional model to be able to simulate the dynamics of the
diagram above. Such a model should be able to be implemented in a code in the same
manner as the Pulse Detonation Engine model so that both models can be used together in
a transient simulation.
The plenum model is conceptually simple, the pressure and temperature inside the volume
46
ERAU Luis E. Ferrer-Vidal
Figure 3.4: Arrangement of plenum and pulse detonation engine array.
will vary with time as the PDE’s are fired. Using a simulation environment such as NPSS,
an internal solver can be set-up to account for the time-integration of pressure and temper-
ature inside the volume during a transient simulation. A discussion of NPSS will follow
in the next chapter. Conservation of energy and mass must hold true so that for transient
operation so that state derivatives can be defined for the internal energy and density in the
plenum.
dut
dt
=
∑
in
H0 −
∑
out
H0 −Qext − e0 × (
∑
in
m˙−∑
out
m˙)
ρt × V (3.17)
dρt
dt
=
∑
in
m˙−∑
out
m˙
V
(3.18)
In the energy conservation equation above, the Qext term refers to heat transfer effects of
the plenum walls. The NPSS simulation environment has provisions to allow for heat trans-
fer modelling and so these will not be discussed here as they are out of the scope of this
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investigation. This investigation will assume an adiabatic plenum.
It is relatively easy to model a transient case where detonation engines exhaust into a closed
vessel and the pressure and temperature are observed to rise with operation time. The prob-
lem becomes more difficult when the flow dynamics of the transient mass flow boundary
condition are desired to be modelled. For such a case, the model would consist of a plenum
opened at one end (which would interface with a turbine element) with the mass flow at this
end depending on the response of the linear element to the transient boundary condition.
Modelling such dynamics using a simulation environment as NPSS requires that the fluid
dynamics problem be formulated for linear code implementation. Such methods have been
investigated by the Arnold Engineering Development Center with NPSS specifically in
mind. Although these findings are not readily in the public domain, the author managed to
obtain information on these methods through mediation of NPSS commercial distributor,
Wolverine Ventures, Inc. Two distinct methods are investigated by AEDC, a 1-D method
and 0-D method. The author was only able to find evidence of the 0-D implementation in
NPSS and it proved to be much simpler to implement in a transient simulation so only the
0-D method will be explained here. More detailed information on both these methods is
shown in the Appendices.
For a plenum connected to a turbine element, the rate of mass flow out of the plenum for
the case of a transient simulation needs to be modelled so that it can be implemented as
part of an NPSS element.
The 0-D formulation allows us to simplify the Euler equations by combining the energy
and continuity equations. Eventually, this leads to the following fundamental equations:
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dP
dt
= a2
dρ
dt
(3.19)
dρ
dt
=
m˙in − m˙out
V
(3.20)
Combining these two yields:
dP
dt
= c2 × m˙in − m˙out
V
(3.21)
This equation can readily be used in a numerical scheme where it is integrated and solved
implicitly. Such an implementation lends itself to the syntax of the NPSS solver. How-
ever, a major limitation of this 0-D method is that by virtue of combining the energy and
continuity equations, the momentum effects are considered negligible. This is not the case
for detonation engines. Thus, the model presented here serves only as a pilot study into
the capability to simulate a system that integrates an array of pulse detonation engines an a
plenum, as will be showcased later in NPSS. For more accurate simulation, the 1-D model
would need to be used, but this was not finalized in this investigation. A detailed study into
1-D transient fluid dynamics modelling would be the subject of another investigation.
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Chapter 4
Simulation
In order to lay the foundation for the future creation of software tools that can later be used
to design turbine elements for pulse detonation engines, simple simulations showing the
models developed need to be demonstrated. This chapter showcases the implementation of
the models presented in NPSS along with significant results.
4.1 NPSS Modelling
NPSS stands for Numerical Propulsion System Simulation and it is an object-oriented,
multi-physics, engineering design and simulation environment that allows for the simula-
tion of system models. It is a very well regarded code developed by a consortium of leading
aerospace firms and originally designed at NASA Glenn Research Center. NPSS offers the
ability to readily interface with commercial off-shelf software as well as legacy codes using
a procedure known as zooming. This allows system modellers to simulate the interaction
of their model with other subsystems and external system models. [14].
The definition of a system model in NPSS is achieved through input files where objects,
referred to as elements, are instantiated and their attributes defined in order to represent
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specific system component properties. The NPSS syntax is very similar to C++. Since
NPSS was mainly designed with propulsion system simulation in mind, the elements al-
ready present in the environment are those representing engine components, such as the
compressor, turbine, inlet or combustor elements. In the case of an engine, the different
components can be instantiated and linked to each other via object attributes such as fluid
ports and shaft ports. These attributes can then be inherited by other elements in order to
have engine parameters passed into the corresponding component. While a strong back-
ground in object-oriented programming is required for NPSS code development, further
discussion of NPSS modelling is out of the scope of this work. For more information, the
reader is kindly directed to the NPSS User’s Guide and NPSS Developer’s Guide [13]. The
diagram below shows a typical NPSS engine cycle model.
Figure 4.1: Generic engine cycle model for NPSS analysis [14]
An important aspect of NPSS is its solver. The NPSS solver tries to drive the model so-
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lution to a converged state. Since many system dynamics cannot be solved explicitly, the
NPSS solver can drive solutions to a converged state by implicitly varying model inde-
pendent variables and observing the effects on system dependents. The error between the
desired and current dependent variable is tracked and driven to zero by the solver in order to
arrive at a converged solution. The NPSS solver uses a variant of Newton-Raphson meth-
ods known as a quasi-Newton method. In this approach, a Jacobian of partial differentials
representing the change in the error term being tracked by the solver is created containing
n error differentials related to n dependent and n independent variables. In order to obtain
a new Jacobian after each iteration, each partial derivative is approximated by a one-sided
perturbation, allowing a new Jacobian to be formed after n evaluations of each equation.
Such a solver requires that the NPSS developer take special precautions in setting up the
solver variables to interface with a custom element, and this proved essential in this work.
More detailed information on the NPSS solver theory of operation can be found in the pub-
licly available NPSS User Guide [13].
4.1.1 Pulse Detonation Burner Element
While many and most engine system models can be created using the existing NPSS ele-
ments (objects), the modelling of a transient pulse detonation engine required that a new
NPSS element be developed. Porting the pulse detonation engine model presented ear-
lier is not trivial as it must be able to interface with pre-existing NPSS components and
work properly with the NPSS solver that will be used to model the transient physics. The
code listing for this model is presented in the appendices but a high-level breakdown of the
architecture is presented here.
• Attribute initialization
• Fluid ports and flow stations initialization
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– Flow stations are instantiated right before the detonation front and immediately
following it to store boundary conditions at the wave fronts.
– A blowdown station is instantiated which keeps track of the flow variables after
detonation front has passed.
• A solver variable is created to track the error between actual firing frequency and the
specified design frequency.
– The air mass flow independent from the NPSS FsAir element is varied in the
model until design firing frequency is achieved.
• A preExecute() function is used to get blowdown flow parameters at each point in
time as specified by the linear model from Chapter 2.
• A local blowdown(real time) function is defined the respective flow property values
to element attributes based on the time step.
• The NPSS calculate() function is used. This calls the blowdown(real time) function
at each time step during transient operation.
4.1.2 Pulse Detonation System Model
With the pulse detonation burner element created, a system model can be defined. A dia-
gram of the model is presented below.
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Figure 4.2: NPSS model for a single pulse detonation engine.
4.1.3 Plenum Element
The plenum element was modelled as having four fluid input ports and one output fluid port.
The input ports correspond to four PDE’s that could be attached to such a plenum. Since
this plenum was designed in order to perform a pilot study, it was designed as only having
interfaces for four pulse detonation engines. An internal flow station was created where
element state variables were calculated. Two independent variables and two integrators
(dependents for transient operation) are instantiated. The two independents correspond to
total pressure and total enthalpy enthalpy in the volume. These are varied by the solver
and the effect on the integrator values are observed. The integrators correspond to density
and internal energy. The element allows transient and steady state operation. In the case of
steady state operation, no mass accumulation in the volume is assumed and the total mass
into the volume is passed to the outlet flow station. In the case of a transient simulation mass
is integrated over time and a total pressure corresponding to such a mass accumulation is
calculated by the solver. Similarly, the enthalpy of the flow in the volume is varied to match
the integrated internal energy. State derivatives were calculated as stated in Chapter 2. An
NPSS prePass() function is applied which sets the calculated total enthalpy and pressure
at the flow stations after every time step. Likewise, the inherited hasTimeHistory() and
updateHistory() functions are used to get the plenum attributes to update after convergence
is reached at every time step during transient operation.
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4.1.4 Pulse Detonation Burner & Plenum System Model
For the pulse detonation engine and plenum system model, four pulse detonation engines
are instantiated and coupled to a plenum element. The number is limited to four in order to
simplify the problem. Internal logic in the pulse detonation engine sets an offset in order
to phase the firing sequence of all four PDE’s.
Figure 4.3: NPSS model for PDE-plenum set-up.
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4.1.5 Pulse Detonation Burner & Turbine System Model
Although with mixed results due to convergence issues, a model implementing turbine cou-
pled to a PDE and spinning a load was also implemented. Results from a such a model were
not satisfactory due to the many convergence issues present in coupling the native NPSS
turbine element to the PDE burner for transient simulation. Nevertheless, a diagram of such
a setup is shown here. The dashed line and turquoise blocks represent shaft ports linking
mechanical components in NPSS, as opposed to the magenta fluid ports. Results will be
discussed in the following section.
Figure 4.4: NPSS model for PDE-turbine set-up.
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4.2 NPSS Results
The following inputs where used in the NPSS model:
Tube length 2 m
Fuel lower heating value 46.135 MJ/kg
Fuel to Air Ratio 0.065
Reactants Pressure 101.325 kPa
Reactants Temperature 298 K
Such inputs correspond to a pulse detonation engine detonating a stoichiometric mixture of
air and ethene (ethylene).
4.2.1 Single Pulse Detonation Burner
Single pulse trends for pressure, temperature, and mass flow at the exhaust plane of this
modelled pulse detonation engine are shown.
As is seen, two distinct regions can be found in all three plots. The first region corresponds
to the blowdown phase where the flow following the detonation wave, which has inertia,
exits the tube at a high speed. The second region corresponds to the exhaust phase, where
the rarefaction wave has slowed the flow down and the exhaust of gases is modelled in a
lumped volume approach.
In order to validate the model, data from the pulse detonation engine at the Gas Turbine
Laboratory of Embry-Riddle Aeronautical University is compared against the model. At
the time of writing, only pressure trace data at the exhaust plane is available. The ex-
perimental pulse detonation engine is used to detonate an air-ethene mixture with FAR of
0.065. Initial reactant conditions correspond to standard temperature and pressure present
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Figure 4.5: Pressure trace for transient NPSS PDE model (Stoichiometric LPG-air).
Figure 4.6: Temperature trace for transient NPSS PDE model (Stoichiometric Ethene-air).
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Figure 4.7: Mass flow trace for transient NPSS PDE model (Stoichiometric Ethene-air).
in the laboratory. A detailed explanation of the experimental pulse detonation engine’s
configuration is present in reference [30].
As seen, a considerable difference exists between the experimental and modelled results.
However, two important factors must be kept in mind. Firstly, the model is one-dimensional
and runs in fraction of a second as part of an NPSS transient simulation. Secondly, and per-
haps most importantly, the one-dimensional model cannot take into account the dynamics
of the spherically expanding flow discharging into the open atmosphere. The model is in-
tended for simulations where other components (such as a plenum or duct) are attached to
the PDE, making this second factor less of a concern. In any case, it can be seen that the
model can achieve property distributions which compare in order magnitude to those of a
real engine.
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Figure 4.8: Comparison of experimental (red) and modelled (blue) pressure traces for sin-
gle cycle PDE (Stoichiometric Ethene-air).
The simulation can also be setup to run transiently for multiple cycles as shown in Figure
4.9 although detailed property variations are then harder to see simply due to the magnifi-
cation of the diagram.
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Figure 4.9: NPSS simulation of multiple pulses.
4.2.2 Pulse Detonation Burner & Plenum
Running simulations for the PDE attached to the plenum proved difficult due to the insta-
bility of the NPSS solver for transient cases requiring such a small time step. The NPSS
solver transient time step is limited at 10−7s. Almost two cycles were able to be run imple-
menting a plenum before the solution started diverging.
For the first plenum case, a 1-D model was implemented as explained in the appendices.
This model takes into account the momentum of the incoming flow from the PDE and
calculates the resulting mass flow out of the plenum and into the turbine as well as the
temperature build-up in the plenum. However, the pressure build-up in the plenum was not
properly captured due to divergence of the model near mass-flow peaks. Plots of mass-flow
out of the plenum and temperature over two cycles are shown.
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Figure 4.10: Massflow out of plenum over two cycles.
Figure 4.11: Temperature build-up in plenum over two cycles.
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Figure 4.12: Pressure build-up in closed plenum due to PDE discharge.
Figure 4.10 shows the variation of mass flow out of the plenum. However, we see that near
the peaks, where the detonation front exits, the NPSS solver diverges creating a spike that
goes of the charts. Figure 4.11 shows how the trend for temperature in the plenum, how-
ever, the model diverges towards after the second pulse. In any case, we see that with more
time investment and perhaps some more development work on the solver, a good transient
1-D model could be obtained for the plenum. This however is not the main focus of this
investigation.
If a 0-D model is assumed, it is possible to calculate the transient mass flow out of the
plenum. However, we can see that for a closed chamber, the temperature and pressure start
to build-up as expected. While this is not of special interest, it helps as a pilot study of
plenum modelling methods which could later be added to the current model.
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Figure 4.13: Temperature build-up in closed plenum due to PDE discharge.
4.2.3 Pulse Detonation Burner & Axial Turbine
NPSS can implement turbine maps obtained from other sources, such as a mean-line code
which interfaces with NPSS. NPSS then calculates turbine model performance based on
these maps. As we are interested in the behaviour of turbines subjected to PDE exhaust
flow, we attempted to simulate a model where a PDE is coupled to a turbine implementing
a generic turbine map used in NPSS tutorials. The objective of these simulations was to
asses the ability of the model developed to be used in NPSS simulations in the future.
When a turbine element is instantiated in NPSS, a design pressure ratio needs to be cho-
sen. During transient simulation, NPSS threw a secant solver error for those time steps
in which the resulting pressure ratio from the PDE exhaust fell outside the turbine’s map.
Upon researching this error in the NPSS documentation, it was found this corresponds to
interpolation errors occurring when values fall outside the range of tables being used for
interpolation. For those time steps in which the pressure ratio was closer to design point,
the NPSS managed to converge.
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Figure 4.14: Variation of turbine efficiency and pressure ratio with time attached to a PDE
in NPSS.
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Chapter 5
Conclusions
A summary of the work performed is presented in this chapter along with recommenda-
tions for future research. A few proposed PDE turbine concepts which were inspired by
this study are also presented here in order to stimulate further investigation.
5.1 Summary
At the onset of this investigation about one year and a half ago, a white paper was produced
which delineated the main objectives that we were aiming to tackle. Those objectives were
as follows:
1. Gather and analyze pressure gain combustion (PGC) data to obtain specific enthalpy
and mass flow histories of cyclic pulse detonation engines.
2. Use the data obtained to derive analytical relations for the flow conditions at the exit
of PGC devices.
3. Linearize governing equations so that they may be reduced to low-order algebraic
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form that can be used for axial turbine design optimization studies in subsequent
investigations.
4. Model flow properties of PGC devices using the obtained relations and compare with
experimental results.
From the results shown, it is seen that these objectives were accomplished.
Experimental data was gathered from the work by Rouser [20] and it was used to calcu-
late equivalent states from which to choose a turbine design point. Originally, an idea this
investigation wanted to address was the choice of design point on which to base turbine de-
sign. Rather than choosing one at random, some sort of analytical method was desired with
which to justify a design point choice. Two such methods were developed and presented.
The first was based on finding an equivalent state with the same enthalpy and entropy as
the cycle mass-average. The second method sought an equivalent sate with the same cycle-
averaged momentum. Through elementary analysis of a generic turbine performance map,
it was found that regardless of the method used, whether analytically justified or not, no
equivalent state can yield an appropriate design point on which to base turbine design.
Seeing how finding an appropriate design point was not feasible, we then sought to model
pulse detonation engine flow properties versus time so that later investigations could have
a foundation from which to create software tools aiding in PDE turbine design. We sought
a simplified algebraic model. This was accomplished using similarity flow formulations of
the conservation equations as derived by Landau & Lifshitz [11]. Using such an approach
along with ideas from previous attempts at PDE flow modelling [15, 16, 3] yielded a model
capable of being implemented in NPSS, a propulsion system simulation environment. The
model was implemented in NPSS and used for single, multiple, and PDE+plenum config-
urations. Comparison of single PDE transient flow properties to experimental data showed
promising results for a 1-D code. Transient simulations of PDE-Turbine systems were also
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attempted with mixed results due to the convergence issues inherent to a transient simula-
tion with such extreme swings in flow properties.
Other results obtained in this investigation apart from the original goals are as follows.
• An overview of detonation theory and detonation engine thermodynamic cycles has
been provided.
• The notion of picking analytically derived equivalent steady states has been studied
reaching the conclusion that such an approach would not offer an effective design
approach.
• An algebraic model for quick, 1-D transient modelling of pulse detonation engines
has been developed and compared to experimental data.
• NPSS models have been created and tested, laying the foundation and removing
much of the overhead required for further studies using this software tool.
The material presented in this thesis can serve as the starting point for future investigations
towards turbomachinery design for pulse detonation engines at the Embry-Riddle Aero-
nautical University Gas Turbine Laboratory.
5.2 Future Work
One of the main objectives of this work is to lay the foundation that would allow for the
creation of new software tools able to help design turbine elements for pulse detonation
combustor applications. With the knowledge found here and with the method described in
section 2.2.2 and in references [23] and [32], a tool could be created to accurately asses
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the performance of actual turbine components subject to the flow from pulse detonation
engines. This could perhaps be done as an addition to the current NPSS model, although
more work on the turbine component integration side would be required. It is important
to note however, that a turbine concept capable of effectively extracting work from pulse
detonation engines may look nothing like the radial and axial turbines we are used to, so
that methods based on conventional designs would likely yield bad results.
Computational Fluid Dynamics could also be employed to take a look at the complex dy-
namics involved. Due to the complexity of detonation modelling, a linear model like the
one presented could be used to create a transient boundary condition which could be used
to investigate the flow interaction with the turbine rather than having to worry about accu-
rately modelling the detonation. Some preliminary research into this aspect was performed
during this investigation, where the results from the transient PDE modelling in NPSS were
accurately ported into a transient boundary condition that could be used in ANSYS CFX.
However, further CFD modelling was out of the scope of this investigation.
A next step to take for the Embry-Riddle Aeronautical University Gas Turbine Labora-
tory is to experimentally investigate turbine component integration with pulse detonation
engines. This effort is ongoing with the current goal of increasing the frequency of the
lab’s pulse detonation engine to asses the effects of high frequency flow on turbines. With
the information gathered here and with the necessary development time and funds, some
novel work extraction concepts could be tested to bridge the gap between the high thermal
efficiency of pressure gain combustion and the low mechanical efficiency of turbines inter-
facing with detonative combustors.
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Appendix A
One-Dimensional Similarity Flow
Relations
We present here the derivation of the relations used in Section 3.1.2. This derivation
follows that presented by Landau & Lifshitz for one-dimensional similarity flows [11].
Assuming isentropic flow in one dimension:
∂s
∂t
+ u
∂s
∂x
= 0 (A.1)
We establish ξ = x/t.
∂
∂t
=
−ξ
t
d
dξ
(A.2)
∂
∂x
=
1
t
d
dξ
(A.3)
Applying this to A.1 we get:
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(u− ξ)s˙ = 0 (A.4)
∴ s˙ = 0 (A.5)
This is true since assuming (u − ξ) = 0 contradicts the other governing equations as
we shall see.
From the above, we see this similarity one-dimensional flow must be adiabatic since
ds ≥ dq/T .
Now, writing continuity and Euler’s equation:
∂ρ
∂t
+ ρ
∂u
∂x
= 0 (A.6)
∂u
∂t
+ u
∂u
∂x
=
−1
ρ
∂P
∂x
(A.7)
Applying A.2 and A.3 to A.6 and A.7:
(u− ξ)ρ˙+ ρu˙ = 0 (A.8)
(u− ξ)u˙ = −P
ρ
= −c2 ρ˙
ρ
(A.9)
Notice for A.9 we have said P˙ = (∂P
∂ρ
)sρ˙ = −c2ρ˙
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We see here how (u − ξ) = 0 would yield u = const which would contradict the
original formulation of the problem. For a non-trivial solution we eliminate ρ˙ and u˙
getting:
(u− ξ)2 = c2 (A.10)
Taking the positive sign (a choice of axis) yields:
x/t = u+ c (A.11)
And with u− ξ = −c in A.8 we have:
cρ˙ = ρu˙ (A.12)
∴ c = ρdu
dρ
(A.13)
So we get that the velocity of sound is a function of the thermodynamic state of a gas:
c = f(ρ) (A.14)
u =
∫
c
ρ
dρ (A.15)
So the solution to these linearized governing equations is given by A.11 and A.15. All
that is needed is c = f(ρ).
For a rarefaction wave bounded by a region of gas at rest as formulated in 3.1.2 we can
say that, for an adiabatic process:
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ρT 1/(1−γ) = const (A.16)
From this, and since the speed of sound is related to temperature as c ∝ T 1/2:
ρc2/(1−γ) = ρ0c
2/(1−γ)
0 (A.17)
∴ ρ = ρ0(c/c0)2/(γ−1) (A.18)
So, putting A.18 into the integral A.15 we get:
u =
∫
2
γ − 1dc (A.19)
∴ u = 2
γ − 1(c− c0) (A.20)
c = c0 − 1
2
(γ − 1)|u| (A.21)
Absolute value is taken to account for negative direction of gasses in a tube as
formulated above.
Using A.21 and A.18 yields the relations for pressure, density and velocity used in
Section 3.1.2.
ρ = ρ0[1− 1
2
(γ − 1)|u|/c0]
2
(γ−1) (A.22)
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p = p0[1− 1
2
(γ − 1)|u|/c0]
2γ
(γ−1) (A.23)
|u| = 2
γ + 1
(
c0 − x
t
)
(A.24)
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Control Volume Modelling for Plenum
Element
The Control Volume Model approaches developed at Arnold Engineering Develop-
ment Center include a 1-D and a 0-D approximation. Information on the 0-D method
is included here.
In order to simplify the problem as much as possible an obtain a first-pass approach to
a plenum model, we decide to model the plenum in 0-D. By a 0-dimensional approach
we mean a model which does not take into account momentum effects. This is means
that for the case of a pulse detonation engine exhausting into this type of a plenum the
results will be short of approximate, however it does set the precedent from which to
develop higher fidelity models.
Assuming, as before, that the flow is isentropic we have, for an adiabatic flow:
ρ/P 1/γ = const (B.1)
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Isentropic relation:
∂ρ
ρ
− 1
γ
∂P
P
(B.2)
∂P
∂ρ
= γ
P
γ
(B.3)
And with P = ρRT
∂P
∂ρ
= γRT = c2 (B.4)
Derivative respect to time:
dP
dt
= c2
dρ
dt
(B.5)
Now, from continuity we have:
dρ
dt
= (m˙in − ˙mout)/V (B.6)
With B.5 and B.6 we get:
dP
dt
= c2(m˙in − m˙out)/V (B.7)
This equation can be integrated numerically. It can also be solved implicitly to find
m˙out if the instantaneous pressure derivative is known.
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NPSS Code Listings
The most significant code listings are included for reference.
C.1 Pulse Detonation Burner Element
# i f n d e f PDEbrn
# d e f i n e PDEbrn
/∗
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
∗ /
/ / FEB/2014
/ / Lu i s Ferrer−V ida l
/ / l f v eh@ho tma i l . com
# i n c l u d e < I n t e r p I n c l u d e s . ncp>
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c l a s s PDEbrn e x t e n d s Element {
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ DOCUMENTATION ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
t i t l e = ” ” ;
d e s c r i p t i o n = ” The ”+ isA ( ) +” e l e m e n t o u t p u t s p u l s e
d e t o n a t i o n combus to r e x h a u s t f low p a r a m e t e r s a t a
g i v e n t ime . ” ;
u s a g e N o t e s = isA ( ) +
”
− The PDEbrn e l e m e n t i s a P u l s e D e t o n a t i o n Tube b u r n e r .
−
−
” ;
background = ” ” ;
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ SETUP VARIABLES ∗∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / INPUTS −−−−−−−−−−−−−−−−−−−−−−−−−−−−
r e a l adc2 {
v a l u e = 1 . 3 ; I O s t a t u s = INPUT ; u n i t s = NONE;
d e s c r i p t i o n = ” Fuel−a i r r a t i o ” ;
}
r e a l R {
v a l u e = 2 8 7 . 0 5 8 ; I O s t a t u s = INPUT ; u n i t s = ” J / ( kg∗K
) ” ;
d e s c r i p t i o n = ” Fuel−a i r r a t i o ” ;
}
r e a l FAR {
v a l u e = 0 ; I O s t a t u s = INPUT ; u n i t s = NONE;
d e s c r i p t i o n = ” Fuel−a i r r a t i o ” ;
}
r e a l timeBD {
v a l u e = 0 ; I O s t a t u s = INPUT ; u n i t s = ” s e c ” ;
d e s c r i p t i o n = ”Blowdown t ime i n p u t ( a f t e r t f i l l ) ” ;
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}
r e a l L {
v a l u e = 0 ; I O s t a t u s = INPUT ; u n i t s = ” f t ” ;
d e s c r i p t i o n = ”PDE l e n g t h ” ;
}
r e a l d t {
v a l u e = 0 . 0 0 0 0 0 0 1 ; I O s t a t u s = INPUT ; u n i t s = ” s e c ” ;
d e s c r i p t i o n = ” Time s t e p ” ;
}
r e a l A {
v a l u e = 1 ; I O s t a t u s = INPUT ; u n i t s = ” f t 2 ” ;
d e s c r i p t i o n = ” Tube a r e a ” ;
}
r e a l FrqDes {
v a l u e = 0 ; I O s t a t u s = INPUT ; u n i t s = NONE;
d e s c r i p t i o n = ”PDE d e s i g n ( o r d e s i r e d ) f r e q u e n c y ” ;
}
r e a l pback {
v a l u e = 0 ; I O s t a t u s = INPUT ; u n i t s = ” p s i a ” ;
d e s c r i p t i o n = ”PDE e x h a u s t back p r e s s u r e ” ;
}
r e a l phaseTime {
v a l u e = 0 ; I O s t a t u s = INPUT ; u n i t s = ” s e c ” ;
d e s c r i p t i o n = ”PDE p h a s i n g t ime f o r m u l t i p l e PDE
c o n f i g s ” ;
}
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/ / OUTPUTS −−−−−−−−−−−−−−−−−−−−−−−−−−−−
r e a l Ts4ou t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ”K” ;
d e s c r i p t i o n = ” Exhaus t Ts ” ;
}
r e a l Ps 4ou t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” kPa ” ;
d e s c r i p t i o n = ” Exhaus t Ps ” ;
}
r e a l T t 4 o u t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ”K” ;
d e s c r i p t i o n = ” Exhaus t Tt ” ;
}
r e a l P t 4 o u t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” kPa ” ;
d e s c r i p t i o n = ” Exhaus t P t ” ;
}
r e a l T c j o u t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ”K” ;
d e s c r i p t i o n = ” Pos t−d e t Tt ” ;
}
r e a l P c j o u t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” kPa ” ;
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d e s c r i p t i o n = ” Pos t−d e t P t ” ;
}
r e a l vdou t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ”m/ s e c ” ;
d e s c r i p t i o n = ” Pos t−d e t u ” ;
}
r e a l a d c o u t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = NONE;
d e s c r i p t i o n = ”Gamma s t a t i c ” ;
}
r e a l P r a t i o {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = NONE;
d e s c r i p t i o n = ” Pos t−d e t P t r a t i o ” ;
}
r e a l T r a t i o {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = NONE;
d e s c r i p t i o n = ” Pos t−d e t Tt r a t i o ” ;
}
r e a l v e l o u t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ”m/ s e c ” ;
d e s c r i p t i o n = ” Exhaus t v e l o c i t y ” ;
}
r e a l t imeE {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” s e c ” ;
d e s c r i p t i o n = ” Time e l a p s e d f o r r a r e f a c t i o n ” ;
}
r e a l t imeEx {
86
ERAU Luis E. Ferrer-Vidal
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” s e c ” ;
d e s c r i p t i o n = ” Time e l a p s e d f o r f u l l e x h a u s t ” ;
}
r e a l MNout {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = NONE;
d e s c r i p t i o n = ” Exhaus t f low MN” ;
}
r e a l MN FLOWout {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = NONE;
d e s c r i p t i o n = ” Exhaus t f low i n i t i a l MN” ;
}
r e a l massf low {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” kg / s e c ” ;
d e s c r i p t i o n = ” Mass f low o u t ” ;
}
r e a l h t o u t {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” J / kg ” ;
d e s c r i p t i o n = ” S p e c i f i c e n t h a l p y o u t ” ;
}
r e a l Mout {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” kg ” ;
d e s c r i p t i o n = ” T o t a l Mass o u t ” ;
}
r e a l Ts4 {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ”K” ;
d e s c r i p t i o n = ” Ts4 ” ;
}
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r e a l Ps4 {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” Pa ” ;
d e s c r i p t i o n = ” Ps4 ” ;
}
r e a l u4 {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ”m/ s e c ” ;
d e s c r i p t i o n = ” u4 ” ;
}
r e a l a4 {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = NONE;
d e s c r i p t i o n = ” a4 ” ;
}
r e a l mdot4 {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” kg / s e c ” ;
d e s c r i p t i o n = ” mdot4 ” ;
}
r e a l t f i l l {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” s e c ” ;
d e s c r i p t i o n = ”PDE t u b e f i l l t ime ” ;
}
r e a l end t ime {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” s e c ” ;
d e s c r i p t i o n = ” F u l l c y c l e t ime ” ;
}
r e a l Frq {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = NONE;
d e s c r i p t i o n = ”PDE f r e q u e n c y ” ;
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}
r e a l cyc leEnd {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” s e c ” ;
d e s c r i p t i o n = ” Cycle end t ime f o r s t a g g e r i n g m u l t i p l e
PDE ’ s ” ;
}
r e a l vd {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = ” f t / s e c ” ;
d e s c r i p t i o n = ” D e t o n a t i o n wave speed ” ;
}
/ / TIME LOOP ARRAY VARIABLES −−−−−−−−−−−−−−−−−−−
r e a l Ps4new [ 5 0 0 0 0 0 ] ;
r e a l Ts4new [ 5 0 0 0 0 0 ] ;
r e a l unew [ 5 0 0 0 0 0 ] ;
r e a l a4new [ 5 0 0 0 0 0 ] ;
r e a l mdot [ 5 0 0 0 0 0 ] ;
r e a l rhos4new [ 5 0 0 0 0 0 ] ;
r e a l mout [ 5 0 0 0 0 0 ] ;
r e a l adc [ 5 0 0 0 0 0 ] ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ / ∗∗∗∗∗∗∗ OPTION VARIABLE SETUP ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Opt ion swi t chDes {
a l l o w e d V a l u e s = { DESIGN , OFFDESIGN } ;
d e s c r i p t i o n = ” D e t e r m i n e s i f t h e e l e m e n t i s i n d e s i g n
or o f f−d e s i g n mode” ;
I O s t a t u s = INPUT ;
r e w r i t a b l e V a l u e s = FALSE ;
t r i g g e r = FALSE ;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗ SETUP PORTS , FLOW STATIONS , SOCKETS , TABLES
∗∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / FLUID PORTS
F l u i d I n p u t P o r t F l I {
d e s c r i p t i o n = ” I n l e t f l u i d p o r t ” ;
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}
F l u i d O u t p u t P o r t Fl O {
d e s c r i p t i o n = ” O u t l e t f l u i d p o r t ” ;
}
/ / FUEL PORTS
F u e l I n p u t P o r t F u I {
d e s c r i p t i o n = ” I n l e t f u e l p o r t ” ;
}
/ / FLOW STATIONS
F l o w S t a t i o n F l I d e t {
d e s c r i p t i o n = ” I n l e t t o s t a t i o n b e f o r e
d e t o n a t i o n f r o n t ” ;
}
F l o w S t a t i o n F l O d e t {
d e s c r i p t i o n = ” O u t l e t t o s t a t i o n a f t e r d e t o n a t i o n
f r o n t ” ;
}
F l o w S t a t i o n Fl BD {
d e s c r i p t i o n = ”Blowdown s t a t i o n ” ;
}
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ INTERNAL SOLVER SETUP ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗ ADD SOLVER INDEPENDENTS & DEPENDENTS
∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Dependent d e p e r r F r q {
e q l h s = ” Frq ” ; / / model v a l u e
e q r h s = ” FrqDes ” ; / / t a r g e t
v a l u e
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ VARIABLE CHANGED METHODOLOGY ∗∗∗∗∗∗∗
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
void v a r i a b l e C h a n g e d ( s t r i n g name , any o ld Va l ) {
i f ( name == ” swi t chDes ” ) {
i f ( sw i t chDes == ”DESIGN” ) {
d e p e r r F r q . a u t o S e t u p = TRUE;
}
}
}
i f ( ” s o l u t i o n M o d e ”==”STEADY STATE” ) {
r e a l t ime ;
t ime . I O s t a t u s =INPUT ;
t ime . u n i t s = ” s e c ” ;
t ime . v a l u e = 0 ;
} ;
void p r e e x e c u t e ( ) {
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Get p r o p e r t i e s from f l u i d and f u e l
i n p u t p o r t s .
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
F l I d e t . copyFlow ( ” F l I ” ) ;
F l I d e t . c o p y F l o w S t a t i c ( ” F l I ” ) ;
r e a l Rt1 ;
Rt1 . u n i t s =” ( f t ∗ l b f ) / ( lbm∗R) ” ;
Rt1= F l I d e t . Rt ” Btu / ( lbm∗R) ” ;
r e a l adc1= F l I d e t . gams ;
r e a l Ps1 = F l I d e t . Ps ;
r e a l Ts1 = F l I d e t . Ts ;
r e a l r h o s 1 = F l I d e t . r h o s ;
r e a l q = ( F u I .LHV) ∗ (FAR / ( FAR+1) ) ;
r e a l as1 = s q r t ( adc1 ∗Rt1∗Ts1 ∗3 2 . 1 7 4 ) ;
r e a l a d c 2 o l d =2;
r e a l F l Ode tCvsOld =100;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / C a l c u l a t e p o s t d e t o n a t i o n pa rame t e r s .
/ / A loop e n c l o s e s t h e CJ r e l a t i o n s t o
i t e r a t e f o r a c o r r e c t v a l u e f o r adc2
from t h e i n i t i a l gue s s ed va l u e o f 1 . 3
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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r e a l b t c =25036 .5579698 ; / / c o n v e r t Btu t o
f t 2−lbm / s2
F l O d e t . copyFlow ( ” F l I d e t ” ) ;
F l O d e t . s e t S t a t i c P s ( F l I d e t . Ps ) ;
whi le ( abs ( adc2−a d c 2 o l d ) >0.000001){
whi le ( abs ( F l O d e t . Cvs−Fl OdetCvsOld )
>0.0000000001){
vd = ( 0 . 5 ∗ ( adc2−1) ∗ ( ( adc2 +1) ∗ ( q∗ b t c
) +( adc1+adc2 ) ∗ F l I d e t . Cvs∗Ts1∗
b t c ) ) ∗ ∗ ( 0 . 5 ) + ( 0 . 5 ∗ ( adc2 +1) ∗ ( (
adc2−1)∗q∗ b t c +( adc2−adc1 ) ∗
F l I d e t . Cvs∗Ts1∗ b t c ) ) ∗ ∗ ( 0 . 5 ) ;
r e a l P c j =Ps1 ∗ ( vd ∗∗2+( adc1−1)∗
F l I d e t . Cvs∗Ts1∗ b t c ) / ( ( adc2 +1)
∗ ( adc1−1)∗ F l I d e t . Cvs∗Ts1∗ b t c )
;
r e a l v s p e c c j = ( 1 / F l I d e t . r h o s ) ∗ (
adc2 ∗ ( vd ∗∗2+( adc1−1)∗ F l I d e t .
Cvs∗Ts1∗ b t c ) ) / ( ( adc2 +1) ∗vd ∗∗2)
;
r e a l Mcj=vd / as1 ;
r e a l u = ( 2∗ ( ( adc2−1)∗q∗ b t c +( adc2−
adc1 ) ∗ F l O d e t . Cvs∗Ts1∗ b t c ) / (
adc2 +1) ) ∗ ∗ ( 0 . 5 ) ;
r e a l Tc j = P c j ∗144∗ v s p e c c j / Rt1 ;
r e a l a c j = s q r t ( adc2 ∗Rt1∗Tcj
∗3 2 . 1 7 4 ) ;
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S e t d e t o n a t i o n f l o w s t a t i o n
o u t l e t c o n d i t i o n s ( s t a t i o n
f o l l o w s wave ) .
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Fl OdetCvsOld = F l O d e t . Cvs ;
F l O d e t . se tTota lTsPsMN ( Tcj , Pcj , u
/ a c j ) ;
F l O d e t .W= ( 1 / v s p e c c j ) ∗u∗A;
a d c 2 o l d =adc2 ;
adc2= F l O d e t . gams ;
} ;
} ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / C a l c u l a t e f i l l t ime . ( t a k i n g f i l l
d e n s i t y as a i r d e n s i t y )
/ / I n c l u d e wave t r a v e l t ime t o e x i t p l ane
as p a r t o f f i l l t ime
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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t f i l l =( F l I . r h o s ∗L∗A) / ( F l I .W∗ (1+FAR) ) +L /
vd ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Ou tpu t some da ta
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
vdou t = vd ” f t / s e c ” ;
P r a t i o = F l O d e t . P t / F l I d e t . P t ;
T r a t i o = F l O d e t . Tt / F l I d e t . Tt ;
MN FLOWout=u / a c j ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / I n i t i a l v a l u e s f o r e xpan s i on wave
r e l a t i o n s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
r e a l c0= a c j ; / / as from L&L , s o n i c speed
o f gas a t r e s t , gas a t r e s t i n REL F .
O. R moving w i t h gas d i r e c t l y beh ind
d e t o n a t i o n a t u .
r e a l p0= P c j ;
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r e a l rho0 = ( 1 / v s p e c c j ) ;
r e a l t a u =L / c0 ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S e t i n i t i a l blowdown parame t e r s r i g h t
a f t e r d e t o n a t i o n wave .
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Fl BD . copyFlow ( ” F l O d e t ” ) ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / I n i t i a l i z e a r r a y s f o r t ime loop .
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
r e a l t [ 5 0 0 0 0 ] ;
t [ 0 ] = 0 ;
r e a l Rs4 ;
Rs4 . u n i t s =” ( f t ∗ l b f ) / ( lbm∗R) ” ;
Rs4= Fl BD . Rt ” Btu / ( lbm∗R) ” ;
rhos4new [ 0 ] = ( 1 / v s p e c c j ) ;
Ps4new [ 0 ] = P c j ;
Ts4new [ 0 ] = Tcj ;
unew [ 0 ] = u ;
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a4new [ 0 ] = a c j ;
mdot [ 0 ] = rhos4new [ 0 ]∗ unew [ 0 ]∗A;
mout [ 0 ] = 0 ;
adc [ 0 ] = adc2 ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Blowdown t ime loop .
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
i n t n =1;
/ / wh i l e ( Ps4new [n−1]> P f i l l ) {
whi le ( unew [ n−1]>0){
/ / I n c r e a s e t ime s t e p .
t [ n ]= t [ n−1]+ d t ;
i f ( n ==1){ adc [ 1 ] = adc [ 0 ] ; }
e l s e { adc [ n ]= Fl BD . gams ; / / Gamma
i s t a k en from p r e v i o u s s t e p
s i n c e needed b e f o r e
t empe r a t u r e can be c a l c u l a t e d .
}
/ / New v e l o c i t y , p r e s s u r e ,
d e n s i t y , t empe ra t u r e , and
s o n i c speed u s i ng r e l a t i o n s
d e r i v e d from L&L .
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unew [ n ]= u− ( 2 / ( adc [ n ] + 1 ) ) ∗ ( ( vd∗ t [ n
] ) / t a u ) ;
Ps4new [ n ] =p0 ∗ (1−0.5∗ ( adc [ n ]−1) ∗ (
u−unew [ n ] ) / c0 ) ∗∗ (2∗ adc [ n ] / ( adc
[ n ]−1) ) ;
rhos4new [ n ]= rho0 ∗ (1−0.5∗ ( adc [ n
]−1) ∗ ( u−unew [ n ] ) / c0 ) ∗ ∗ ( 2 / ( adc [
n ]−1) ) ;
Ts4new [ n ] = Ps4new [ n ] ∗ 1 4 4 / ( Rs4∗
rhos4new [ n ] ) ;
a4new [ n ]= s q r t ( adc [ n ]∗Rs4∗Ts4new [ n
]∗3 2 . 1 7 4 ) ;
/ / g e t mass f l ow
mdot [ n ]= rhos4new [ n ]∗ unew [ n ]∗A;
/ / S e t new t o t a l c o n d i t i o n s a t
t h i s t ime s t e p i n t h i s phase
o f Blowdown .
Fl BD . se tTota lTsPsMN ( Ts4new [ n ] ,
Ps4new [ n ] , ( ( unew [ n ] ) ) / a4new [ n
] ) ;
mout [ n ]= mout [ n−1]+mdot [ n ]∗ d t ;
/ / I n c r e a s e s t e p i nd e x .
n ++;
} ;
t imeE= t [ n−1];
Mout=mout [ n−1] ” lbm ” ;
r e a l a4ex = a4new [ n−1];
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r e a l Ps4ex = Ps4new [ n−1];
r e a l r h o s 4 e x = rhos4new [ n−1];
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Now t h e e x hau s t phase i s mode l l ed .
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
r e a l t a u 2 =L / a4new [ n−1];
r e a l t c = t [ n−1]− t imeE+ t a u 2 ;
r e a l psEX = pback ;
/ / r e a l uex = −2∗a4new [n−1]∗ ( ( pback / Ps4ex )
∗∗ ( ( adc [ n−1]−1) / ( 2 ∗ adc [n−1]) )−1) / ( adc [
n−1]−1) ;
whi le ( Ps4new [ n−1]> pback ) {
/ / wh i l e ( unew [n−1]< uex ) {
t [ n ]= t [ n−1]+ d t ;
adc [ n ]= Fl BD . gams ;
/ / t au2=L / a4new [n−1];
t c = t [ n]− t imeE+ t a u 2 ;
unew [ n ] = 2 / ( adc [ n ] + 1 ) ∗ ( a4new [ n
−1]−(L / t c ) ) ;
Ps4new [ n ] =Ps4ex ∗ (1−0.5∗ ( adc [ n
]−1) ∗ ( unew [ n ] ) / a4new [ n−1])
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∗∗ (2∗ adc [ n ] / ( adc [ n ]−1) ) ;
rhos4new [ n ]= r h o s 4 e x ∗ (1−0.5∗ ( adc [ n
]−1) ∗ ( unew [ n ] ) / a4new [ n−1])
∗ ∗ ( 2 / ( adc [ n ]−1) ) ;
Ts4new [ n ] = Ps4new [ n ] ∗ 1 4 4 / ( Rs4∗
rhos4new [ n ] ) ;
a4new [ n ]= s q r t ( adc [ n ]∗Rs4∗Ts4new [ n
]∗3 2 . 1 7 4 ) ;
r h o s 4 e x = ( ( rhos4new [ n−1]∗A∗L )−(
rhos4new [ n ]∗ unew [ n ]∗A∗ d t ) ) / ( A∗
L ) ;
Ps4ex = ( Ps4new [ n−1]/ rhos4new [ n
−1])∗ r h o s 4 e x ; / / assuming no
t empe r a t u r e change from
p r e v i o u s s t e p . s i m p l i f i c a t i o n .
/ / g e t mass f l ow
mdot [ n ]= rhos4new [ n ]∗ unew [ n ]∗A;
/∗
i f ( psEX< Ps4ex ∗ ( 2 / ( adc [ n ]+1) )
∗∗ (2∗ adc [ n ] / ( adc [ n]−1) ) ) { / /
choked
uex = 2∗a4new [ n ] / ( adc [ n
]+1) ;
psEX = Ps4ex ∗ ( 2 / ( adc [ n
]+1) ) ∗∗ (2∗ adc [ n ] / ( adc [
n]−1) ) ; / / r e d e f i n e
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pback as f l ow w i l l no t
expand f u l l y i n
choked c o n d i t i o n
}
e l s e { / / no t choked
uex = −2∗a4new [ n ] ∗ ( ( psEX /
Ps4ex ) ∗∗ ( ( adc [ n]−1)
/ ( 2 ∗ adc [ n ] ) )−1) / ( adc [ n
]−1) ;
}
∗ /
/ / S e t new t o t a l c o n d i t i o n s a t
t h i s t ime s t e p i n t h i s phase
o f Blowdown .
Fl BD . se tTota lTsPsMN ( Ts4new [ n ] ,
Ps4new [ n ] , ( ( unew [ n ] ) ) / a4new [ n
] ) ;
mout [ n ]= mout [ n−1]+mdot [ n ]∗ d t ;
n ++;
} ;
t imeEx= t [ n−1];
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ / Ou tpu t CJ v a l u e s i n S I .
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
T c j o u t = Tc j ”R” ;
P c j o u t = P c j ” p s i a ” ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / C a l c u l a t e PDE f r e q u e n c y
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Frq = 1 / ( t f i l l + t imeEx ) ;
cyc leEnd = t f i l l + t imeEx+phaseTime ;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ /−−−−−−−−−−−−−−−−−−−END OF PRE−EXECUTE
−−−−−−−−−−−−−−−−−−−−−−−
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ / ∗∗∗∗∗∗∗ PERFORM ENGINEERING CALCULATIONS ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
r e a l blowdown ( r e a l timeBD ) {
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / C a l c u l a t e t h e s t e p f o r a g i v en t ime i n t h e
blowdown phase .
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
i n t s t e p = t r u n c a t e ( timeBD / d t ) ; / / e q u i v a l e n t t o
FORTRAN i n t f u n c t i o n
Ts4 = Ts4new [ s t e p ] ;
Ps4 = Ps4new [ s t e p ] ;
u4 = unew [ s t e p ] ;
a4 = a4new [ s t e p ] ;
mdot4 = mdot [ s t e p ] ;
re turn t imeE ;
re turn t imeEx ;
re turn Mout ;
re turn T c j o u t ;
re turn P c j o u t ;
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re turn Ts4 ;
re turn Ps4 ;
re turn u4 ;
re turn a4 ;
re turn mdot4 ;
}
void c a l c u l a t e ( ) {
/ / −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / STEADY STATE (EQUIVALENT STATE ) OPERATION
/ / −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
i f ( s o l u t i o n M o d e != ”TRANSIENT” ) {
t ime = t f i l l +timeBD ;
end t ime = t f i l l + t imeEx ;
i f ( t ime > end t ime ) {
c o u t << ”
========================================
\n ” ;
c o u t << ”TIME INPUT ERROR \n ” ;
c o u t << ” PDEbrn e l e m e n t t ime
g r e a t e r t h a n c y c l e t ime \n ” ;
c o u t << ”CYCLE TIME= ” <<end t ime
<< ” s e c ” << e n d l ;
c o u t << ”
========================================
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\n ” ;
break ;
} ;
i f ( t ime> t f i l l ) { / / Re tu rn blowdown
parame t e r s a t s p e c i f i e d t ime and s e t
o u t f l ow c o n d i t i o n s
blowdown ( t ime− t f i l l ) ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S e t t o t a l c o n d i t i o n s ou t ( i n
S I ) depend ing on t h e t ime and
/ / o u t p u t Ps , Ts , Pt , Tt , Ve l
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Fl O . se tTota lTsPsMN ( Ts4 , Ps4 , ( u4 /
a4 ) ) ;
Fl O .W=mdot4 ;
}
e l s e { / / Copy pre−d e t pa rame t e r s t o
o u t f l ow
Fl O . copyFlow ( ” F l I ” ) ;
Fl O . c o p y F l o w S t a t i c ( ” F l I ” ) ;
}
Ps 4ou t =Fl O . Ps ” p s i a ” ;
Ts4ou t =Fl O . Ts ”R” ;
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P t 4 o u t =Fl O . P t ” p s i a ” ;
T t 4 o u t =Fl O . Tt ”R” ;
massf low =Fl O .W ” lbm / s e c ” ;
MNout = Fl O .MN;
h t o u t =Fl O . h t ” Btu / lbm ” ;
}
/ / −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / TRANSIENT OPERATION
/ / −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
i f ( s o l u t i o n M o d e ==”TRANSIENT” ) {
/ / C a l c u l a t e a c y c l e end t ime by add ing
f u l l e x hau s t t ime , f i l l t ime , and t h e
phase t ime f o r m u l t i p l e PDE c o n f i g s .
end t ime = t f i l l + t imeEx+phaseTime ;
/ / A new v a r i a b l e f o r t ime so t h e r e i s no
c o n f l i c t w i t h t h e g l o b a l NPSS t ime
v a r i a b l e used i n t r a n s i e n t s i m u l a t i o n .
/ / Used as blowdown ( ) argument . Ad j u s t e d
f o r a phaseTime u s e r i n p u t . Th i s
a l l ow s ” s t a g g e r i n g ” o f PDE f i r i n g
c y c l e s i n t r a n s i e n t o p e r a t i o n
r e a l timeN =time−phaseTime ;
i f ( timeN <0){
timeN =0;
}
i n t c y c l e s ;
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i f ( timeN > end t ime ) { / / r e s e t t imeN
argument i n case o f c y c l i c o p e r a t i o n .
c y c l e s = t r u n c a t e ( timeN / end t ime ) ;
timeN= timeN−c y c l e s ∗ end t ime ;
}
i f ( timeN> t f i l l ) { / / Re tu rn blowdown
parame t e r s a t s p e c i f i e d t ime and s e t
o u t f l ow c o n d i t i o n s
blowdown ( timeN− t f i l l ) ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S e t t o t a l c o n d i t i o n s ou t ( i n
S I ) depend ing on t h e t ime and
/ / o u t p u t Ps , Ts , Pt , Tt , Ve l
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Fl O . se tTota lTsPsMN ( Ts4 , Ps4 , ( u4 /
a4 ) ) ;
Fl O .W=mdot4 ;
/ / save rhos f o r l a t e r / / ! ! !
r e a l r h o s L a s t = Fl O . r h o s ; / / ! ! !
}
e l s e { / / Copy pre−d e t pa rame t e r s t o
o u t f l ow
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i f ( c y c l e s == 0 | timeN>( t f i l l −L /
vd ) ) { / / i f f i r s t c y c l e or
a f t e r f i l l i s comple te , a l l
c o n d i t i o n s are pre−d e t
Fl O . copyFlow ( ” F l I ” ) ;
Fl O . c o p y F l o w S t a t i c ( ” F l I
” ) ;
} e l s e { / / i f no t f i r s t c y c l e ,
du r i ng r e f i l l Ts a t e x i t p l ane
remains c o n s t a n t from l a s t . . .
no hea t t r a n s f e r i s mode l l ed
a t r e a c t a n t / p r oduc t boundary
Fl O . se tTota lTsPsMN ( Ts4 ,
F l I . Ps , ( mdot4 / (
r h o s L a s t ∗A) ) / a4 ) ; / / ! ! !
Fl O .W=mdot4 ; / / ! ! !
} / / ! ! !
}
Ps 4ou t =Fl O . Ps ” p s i a ” ;
Ts4ou t =Fl O . Ts ”R” ;
P t 4 o u t =Fl O . P t ” p s i a ” ;
T t 4 o u t =Fl O . Tt ”R” ;
massf low =Fl O .W ” lbm / s e c ” ;
MNout = Fl O .MN;
h t o u t =Fl O . h t ” Btu / lbm ” ;
}
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ LET THE SYSTEM KNOW ELEMENT NEEDS UPDATING
∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/∗ i n t ha sT imeH i s t o r y ( ) {
r e t u r n TRUE;
}
//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ UPDATE THE PREVIOUS VALUE WHEN TIME STEPS
∗∗∗∗∗∗∗
//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
vo i d u p da t eH i s t o r y ( ) {
pback = Pln . F l Vo l . Pt ;
c ou t << ” h e l l o ” << end l ;
}
//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ / ∗∗∗∗∗∗∗ INITIALIZE PLENUM ∗∗∗∗∗∗∗
//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
vo i d i n i t i a l i z e H i s t o r y ( ) {
pback = Amb . P t i n ;
} ∗ /
}
# e n d i f
}
C.2 Plenum Element
# i f n d e f FN VOLUME
# d e f i n e FN VOLUME
/∗
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
∗ /
/ / MAY/2014
/ / Lu i s Ferrer−V ida l
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/ / l f v eh@ho tma i l . com
# i n c l u d e < I n t e r p I n c l u d e s . ncp>
c l a s s Plenum e x t e n d s Element {
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ SETUP VARIABLES ∗∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
r e a l Aphys{
I O s t a t u s = INPUT ; u n i t s = INCH2 ;
d e s c r i p t i o n = ” R e p r e s e n t a t i v e c r o s s s e c t i o n a l a r e a (
used t o c a l c u l a t e s t a t i c s ) ” ;
t r i g g e r = FALSE ;
}
r e a l d r h o t q d t {
v a l u e = 0 . 0 ; I O s t a t u s = OUTPUT; u n i t s =
LBM PER FT3 SEC ;
d e s c r i p t i o n = ” Time d e r i v a t i v e o f t o t a l d e n s i t y ” ;
}
r e a l d u t q d t {
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v a l u e = 0 . 0 ; I O s t a t u s = OUTPUT; u n i t s =
BTU PER LBM SEC ;
d e s c r i p t i o n = ” Time d e r i v a t i v e o f t o t a l s p e c i f i c
i n t e r n a l e ne rg y ” ;
}
r e a l h t {
I O s t a t u s = OUTPUT; u n i t s = BTU PER LBM ;
d e s c r i p t i o n = ” T o t a l s p e c i f i c e n t h a l p y ” ;
t r i g g e r = FALSE ;
}
r e a l Ht In {
v a l u e = 0 . 0 ; I O s t a t u s = OUTPUT; u n i t s = BTU PER SEC
;
d e s c r i p t i o n = ” T o t a l e ne rg y f l o w i n g i n t o t h e volume
t h r o u g h t h e p o r t s ” ;
}
r e a l HtOut{
v a l u e = 0 . 0 ; I O s t a t u s = OUTPUT; u n i t s = BTU PER SEC
;
d e s c r i p t i o n = ” T o t a l e ne rg y f l o w i n g o u t o f t h e volume
t h r o u g h t h e p o r t s ” ;
}
r e a l Qnet{
v a l u e = 0 . 0 ; I O s t a t u s = OUTPUT; u n i t s = BTU PER SEC
;
d e s c r i p t i o n = ” Net h e a t t r a n f e r s o u t o f t h e volume
t h r o u g h t h e r m a l p o r t s ” ;
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}
r e a l r h o t {
v a l u e = 0 . 0 ; I O s t a t u s = INPUT ; u n i t s = LBM PER FT3 ;
d e s c r i p t i o n = ” D e n s i t y based on t o t a l c o n d i t i o n s ” ;
}
r e a l u t {
v a l u e = 0 . 0 ; I O s t a t u s = INPUT ; u n i t s = BTU PER LBM ;
d e s c r i p t i o n = ” T o t a l s p e c i f i c i n t e r n a l e ne rg y ” ;
}
r e a l P t {
v a l u e = 0 . 0 ; I O s t a t u s = INPUT ; u n i t s = PSIA ;
d e s c r i p t i o n = ” T o t a l p r e s s u r e volume ” ;
}
r e a l P t I n {
v a l u e = 0 . 0 ; I O s t a t u s = INPUT ; u n i t s = PSIA ;
d e s c r i p t i o n = ” T o t a l p r e s s u r e volume , incoming ” ;
}
r e a l volume{
v a l u e = 0 . 0 ; I O s t a t u s = INPUT ; u n i t s = INCH3 ;
d e s c r i p t i o n = ” Volume ” ;
}
r e a l Wavg{
v a l u e = 0 . 0 ; I O s t a t u s = OUTPUT; u n i t s = LBM PER SEC
;
d e s c r i p t i o n = ” Average mass f l o w i n g t h r o u g h each p o r t
” ;
}
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r e a l Win{
v a l u e = 0 . 0 ; I O s t a t u s = OUTPUT; u n i t s = LBM PER SEC
;
d e s c r i p t i o n = ” T o t a l mass f l o w i n g i n t o t h e volume ” ;
}
r e a l Wout{
v a l u e = 0 . 0 ; I O s t a t u s = OUTPUT; u n i t s = LBM PER SEC
;
d e s c r i p t i o n = ” T o t a l mass f l o w i n g o u t o f t h e volume ” ;
}
r e a l WoutDes{
v a l u e = 0 . 0 ; I O s t a t u s = INPUT ; u n i t s = LBM PER SEC ;
d e s c r i p t i o n = ” D e s i r e d mass f l o w i n g o u t o f t h e volume
” ;
}
r e a l dPqdt {
v a l u e = 0 ; I O s t a t u s = OUTPUT; u n i t s = PSIA PER SEC ;
d e s c r i p t i o n = ” Time d e r i v a t i v e o f incoming p r e s s u r e ” ;
}
r e a l P l a s t {
v a l u e = 0 ; I O s t a t u s = INPUT ; u n i t s = PSIA ;
d e s c r i p t i o n = ” P r e s s u r e from t h e l a s t t ime s t e p ” ;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ / ∗∗∗∗∗∗ SETUP PORTS , FLOW STATIONS , SOCKETS , TABLES
∗∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / FLUID PORTS
F l u i d I n p u t P o r t F l I 1 {
d e s c r i p t i o n = ” I n l e t f l u i d p o r t ” ;
}
F l u i d I n p u t P o r t F l I 2 {
d e s c r i p t i o n = ” I n l e t f l u i d p o r t ” ;
}
F l u i d I n p u t P o r t F l I 3 {
d e s c r i p t i o n = ” I n l e t f l u i d p o r t ” ;
}
F l u i d I n p u t P o r t F l I 4 {
d e s c r i p t i o n = ” I n l e t f l u i d p o r t ” ;
}
F l u i d O u t p u t P o r t Fl O {
d e s c r i p t i o n = ” O u t l e t f l u i d p o r t ” ;
}
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/ / FUEL PORTS
/ / BLEED PORTS
/ / THERMAL PORTS
/ / FLOW STATIONS
F l o w S t a t i o n F l V o l {
d e s c r i p t i o n = ” I n t e r n a l s t a t i o n used t o c a l c u l a t e
volume p r o p e r t i e s ” ;
}
/ / SOCKETS
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ OPTION VARIABLE SETUP ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Opt ion swi t chDes {
a l l o w e d V a l u e s = { DESIGN , OFFDESIGN } ;
d e s c r i p t i o n = ” D e t e r m i n e s i f t h e e l e m e n t i s i n d e s i g n
or o f f−d e s i g n mode” ;
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I O s t a t u s = INPUT ;
r e w r i t a b l e V a l u e s = FALSE ;
t r i g g e r = FALSE ;
}
Opt ion s o l u t i o n M o d e {
a l l o w e d V a l u e s = { STEADY STATE , ONE PASS , TRANSIENT
} ;
d e s c r i p t i o n = ” S o l u t i o n mode” ;
t r i g g e r = TRUE;
r e w r i t a b l e V a l u e s = FALSE ; / / Enab le s c o n v e r t e r
o p t i m i z a t i o n .
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗ ADD SOLVER INDEPENDENTS & DEPENDENTS ∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
I n d e p e n d e n t i n d P t {
varName = ” P t ” ;
d e s c r i p t i o n = ” V a r i e s t h e volume t o t a l p r e s s u r e ” ;
}
I n d e p e n d e n t i n d h t {
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varName = ” h t ” ;
a u t o S e t u p = TRUE;
d e s c r i p t i o n = ” V a r i e s t h e volume t o t a l s p e c i f i c
e n t h a l p y ” ;
}
I n d e p e n d e n t ind Wout {
varName = ”Wout” ;
/ / a u t o S e t u p = TRUE;
d e s c r i p t i o n = ” V a r i e s t h e volume o u t l e t massf low ” ;
}
I n t e g r a t o r i n t e g r h o {
s t a t eName = ” r h o t ” ;
d e r i v a t i v e N a m e = ” d r h o t q d t ” ;
e q r h s = ”Win” ;
e q l h s = ”Wout” ;
d e s c r i p t i o n = ” B a l a n c e s t h e volume mass s t o r a g e ” ;
}
I n t e g r a t o r i n t e g U {
s t a t eName = ” u t ” ;
d e r i v a t i v e N a m e = ” d u t q d t ” ;
e q r h s = ” HtIn + Qnet ” ;
e q l h s = ” HtOut ” ;
a u t o S e t u p = TRUE;
d e s c r i p t i o n = ” B a l a n c e s t h e volume e ne rg y s t o r a g e ” ;
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}
I n t e g r a t o r i n t e g P {
s t a t eName = ” P t ” ;
d e r i v a t i v e N a m e = ” dPqdt ” ;
e q r h s = ” P t ” ;
e q l h s = ” P t I n ” ;
d e s c r i p t i o n = ” B a l a n c e s t h e volume mass s t o r a g e ” ;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ VARIABLE CHANGED METHODOLOGY ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
void v a r i a b l e C h a n g e d ( s t r i n g name , any o ld Va l ) {
i f ( name == ” s o l u t i o n M o d e ” ) {
i f ( s o l u t i o n M o d e == ”TRANSIENT” ) {
i n d P t . a u t o S e t u p = TRUE;
i n t e g r h o . a u t o S e t u p = TRUE;
ind Wout . a u t o S e t u p = TRUE;
i n t e g P . a u t o S e t u p = TRUE;
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s o l v e r . f o r c e N e w J a c o b i a n =TRUE;
}
}
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ PERFORM ENGINEERING CALCULATIONS ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / c a l c u l a t e f u n c t i o n
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
void c a l c u l a t e ( ) {
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ / s e t t h e work ing area
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
F l V o l .A = Aphys ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Heat T r a n s f e r C a l c u l a t i o n s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / t o be added l a t e r
Qnet =0;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Crea t e some work ing v a r i a b l e s and i n i t i a l i z e
v a l u e s f o r
/ / summat ions
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Win = 0 . 0 ;
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Ht In = 0 . 0 ;
HtOut = 0 . 0 ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Grab t h e t o t a l d e n s i t y and i n t e r n a l ene rgy from
t h e work ing
/ / s t a t i o n
/ / These v a l u e s are c a l c u l a t e d by t h e s t a t i o n when Pt
and h t are
/ / s e t
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
r h o t = F l V o l . r h o t ;
u t = F l V o l . u t ;
P t I n = F l I 1 . P t ; / / t h i s v a l u e i s on l y impo r t a n t
du r i ng s t e a d y s t a t e so i t i s ok t o use on l y
f i r s t PDE,
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Sum up energy and f l ow over t h e incoming p o r t s
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
HtIn = F l I 1 .W∗ F l I 1 . h t + F l I 2 .W∗ F l I 2 . h t + F l I 3 .W∗
F l I 3 . h t + F l I 4 .W∗ F l I 4 . h t ;
Win = F l I 1 .W+ F l I 2 .W+ F l I 3 .W+ F l I 4 .W;
/ / c ou t << F l Vo l . h t << ” ! ! ! ”;
i f ( s o l u t i o n M o d e == TRANSIENT ) {
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / De termine t h e speed o f sound
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
r e a l Vsound2 = F l V o l . gamt ∗ F l V o l . Rt ∗ F l V o l . Ts
∗ C BTUtoFT LBF ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ / C a l c u l a t e t h e p r e s s u r e d e r i v a t i v e
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / dPqdt =( Fl O . Pt − P l a s t ) / t im e S t e p ;
dPqdt =12∗Vsound2 ∗ ( Win−Wout ) / volume ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / De termine t h e e x i t f l ow ( s e e Con t r o l Volume E−
spec )
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Fl O .W = Win− 144 . ∗ ( volume / Vsound2 ) ∗ dPqdt
;
/ / Fl O .W = WoutDes ;
}
e l s e i f ( s o l u t i o n M o d e == STEADY STATE ) {
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S t eady−S t a t e
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
P l a s t = Fl O . P t ;
dPqdt = 0 ;
Fl O .W = Win ;
P t = F l I 1 . P t ;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Sum up energy and f l ow over t h e e x i t i n g p o r t s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
HtOut = Fl O .W∗ h t ;
/ / Wout = Fl O .W;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / c a l c u l a t e t h e s t a t e−d e r i v a t i v e s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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d r h o t q d t = ( Win − Wout ) / volume ∗12∗12∗12;
d u t q d t = ( Ht In + Qnet − HtOut − u t ∗ ( Win −
Wout ) ) / ( r h o t ∗ volume / 1 2 / 1 2 / 1 2 ) ;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ PREPASS FUNCTION ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
void p r e P a s s ( ) {
/ / S e t t h e c o n d i t i o n s i n t h e volume and a l l t h e p o r t s .
The
/ / s t a t i c c o n d i t i o n s i n t h e p o r t s w i l l depend on t h e i r
f l ow
/ / and area .
F l V o l . s e t T o t a l h P ( ht , P t ) ;
F l I 1 . s e t T o t a l h P ( ht , P t ) ;
F l I 2 . s e t T o t a l h P ( ht , P t ) ;
128
ERAU Luis E. Ferrer-Vidal
F l I 3 . s e t T o t a l h P ( ht , P t ) ;
F l I 4 . s e t T o t a l h P ( ht , P t ) ;
Fl O . s e t T o t a l h P ( ht , P t ) ;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ LET THE SYSTEM KNOW PLENUM NEEDS UPDATING
∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
i n t h a s T i m e H i s t o r y ( ) {
re turn TRUE;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ UPDATE THE PREVIOUS VALUE WHEN TIME STEPS
∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
void u p d a t e H i s t o r y ( ) {
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P l a s t = Fl O . P t ;
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / ∗∗∗∗∗∗∗ INITIALIZE PLENUM ∗∗∗∗∗∗∗
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
void i n i t i a l i z e H i s t o r y ( ) {
P l a s t = Fl O . P t ;
}
}
# e n d i f
C.3 Model Files
C.3.1 PlenumCheck.mdl
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Model D e f i n i t i o n
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Element Ambient Amb {
switchMode = ”PTTTMN” ; / / i n p u t s are P t i n , T t i n
, MN in
P t i n = 101 .325 ” kPa ” ;
T t i n = 298 ”K” ;
MN in = 0 . 0 ;
}
Element I n l e t S t a r t FsAi r1 {
AmbientName = ”Amb” ;
W in = 1 5 . 5 ; / / lbm / s e c
}
/ / S t a r t Fue l Flow .
Element F u e l S t a r t FusEng1 {
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LHV = 46.135∗10∗∗6 ” J / kg ” ; / / J / kg
} / / End FusEng
Element I n l e t S t a r t FsAi r2 {
AmbientName = ”Amb” ;
W in = 1 5 . 5 ; / / lbm / s e c
}
/ / S t a r t Fue l Flow .
Element F u e l S t a r t FusEng2 {
LHV = 46.135∗10∗∗6 ” J / kg ” ; / / J / kg
} / / End FusEng
Element I n l e t S t a r t FsAi r3 {
AmbientName = ”Amb” ;
W in = 1 5 . 5 ; / / lbm / s e c
}
/ / S t a r t Fue l Flow .
Element F u e l S t a r t FusEng3 {
LHV = 46.135∗10∗∗6 ” J / kg ” ; / / J / kg
} / / End FusEng
Element I n l e t S t a r t FsAi r4 {
AmbientName = ”Amb” ;
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W in = 1 5 . 5 ; / / lbm / s e c
}
/ / S t a r t Fue l Flow .
Element F u e l S t a r t FusEng4 {
LHV = 46.135∗10∗∗6 ” J / kg ” ; / / J / kg
} / / End FusEng
/ / Pu l s e De t ona t i on Engine Element
/∗ Element PDEbrn PDE {
/ / t ime =0.02940785;
timeBD=0;
d t=1E−5;
FAR = ( 1 / 1 5 . 5 ) ;
L = 2 ”m”;
FrqDes=32;
/ / A = 1 ”m2”;
} ∗ /
/∗ Element Burner PDE1 {
dPqP dmd = −10; / / burner r e l a t i v e p r e s s u r e RISE
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FAR=1 / 15 . 5 ;
}
Element Burner PDE2 {
dPqP dmd = −10; / / burner r e l a t i v e p r e s s u r e RISE
FAR=1 / 15 . 5 ;
}
Element Burner PDE3 {
dPqP dmd = −10; / / burner r e l a t i v e p r e s s u r e RISE
FAR=1 / 15 . 5 ;
}
Element Burner PDE4 {
dPqP dmd = −10; / / burner r e l a t i v e p r e s s u r e RISE
FAR=1 / 15 . 5 ;
} ∗ /
r e a l cyc leEnd1 = ( 0 . 0 3 1 9 6 0 0 ) ; / / t ime a t which f i r s t PDE
c y c l e ends . Used f o r phas i ng t h e PDE’ s
Element PDEbrn PDE1 {
d t =1E−5;
FAR = ( 1 / 1 5 . 5 ) ;
L = 2 ”m” ;
FrqDes =32;
pback =101.325 ” kPa ” ;
phaseTime =0;
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timeBD = 0 . 0 0 0 0 5 ;
}
Element PDEbrn PDE2 {
d t =1E−5;
FAR = ( 1 / 1 5 . 5 ) ;
L = 2 ”m” ;
FrqDes =32;
pback =101.325 ” kPa ” ;
phaseTime =( cyc leEnd1 / 4 ) ;
timeBD =0;
}
Element PDEbrn PDE3 {
d t =1E−5;
FAR = ( 1 / 1 5 . 5 ) ;
L = 2 ”m” ;
FrqDes =32;
pback =101.325 ” kPa ” ;
phaseTime =( cyc leEnd1 / 2 ) ;
timeBD =0;
}
Element PDEbrn PDE4 {
d t =1E−5;
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FAR = ( 1 / 1 5 . 5 ) ;
L = 2 ”m” ;
FrqDes =32;
pback =101.325 ” kPa ” ;
phaseTime =(3∗ cyc leEnd1 / 4 ) ;
timeBD =0;
}
Element Plenum Pln {
volume =144∗12;
Aphys= 144 ;
WoutDes = 0 ;
}
/∗ Element Noz z l e Noz {
PsExhName = ”Amb . Ps ”;
}
∗ /
/ / End t h e f l ow o f a i r
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Element FlowEnd FeAir ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Component L i nkage s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
l i n k P o r t s ( ” FusEng1 . Fu O ” , ”PDE1 . F u I ” , ” F u I n j 1 ” )
;
l i n k P o r t s ( ” FsAi r1 . Fl O ” , ”PDE1 . F l I ” , ” OxInj1 ” )
;
l i n k P o r t s ( ” FusEng2 . Fu O ” , ”PDE2 . F u I ” , ” F u I n j 2 ” )
;
l i n k P o r t s ( ” FsAi r2 . Fl O ” , ”PDE2 . F l I ” , ” OxInj2 ” )
;
l i n k P o r t s ( ” FusEng3 . Fu O ” , ”PDE3 . F u I ” , ” FuIn13 ” )
;
l i n k P o r t s ( ” FsAi r3 . Fl O ” , ”PDE3 . F l I ” , ” OxInj3 ” )
;
l i n k P o r t s ( ” FusEng4 . Fu O ” , ”PDE4 . F u I ” , ” F u I n j 4 ” )
;
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l i n k P o r t s ( ” FsAi r4 . Fl O ” , ”PDE4 . F l I ” , ” OxInj4 ” )
;
l i n k P o r t s ( ”PDE1 . Fl O ” , ” P ln . F l I 1 ” , ” F04 1 ” ) ;
l i n k P o r t s ( ”PDE2 . Fl O ” , ” P ln . F l I 2 ” , ” F04 2 ” ) ;
l i n k P o r t s ( ”PDE3 . Fl O ” , ” P ln . F l I 3 ” , ” F04 3 ” ) ;
l i n k P o r t s ( ”PDE4 . Fl O ” , ” P ln . F l I 4 ” , ” F04 4 ” ) ;
l i n k P o r t s ( ” P ln . Fl O ” , ” FeAir . F l I ” , ” F05 ” ) ;
/ / l i n k P o r t s ( ”Noz . Fl O” , ”FeAir . F l I ” , ”F06”) ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S o l v e r Va r i a b l e s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
void p r i n t R e s u l t s ( ) {
}
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C.3.2 PlenumCheck.run
se tThermoPackage ( ” GasTbl ” ) ;
# i n c l u d e ” PlenumCheck . mdl ”
/ / Load t h e CaseRowViewer f i l e
# i n c l u d e ” PlenumResul tsRow . view ” ;
/ / Save run r e s u l t s i n o u t p u t f i l e EngDesign . t x t
os PlenumResul t sRow . f i l e n a m e = ” P l e n u m R e s u l t s . t x t ” ; / /
s e t t h e v i ewe r o u t p u t f i l e name
s o l v e r . p o s t E x e c u t i o n S e q u e n c e . append ( ” PlenumResul tsRow ” ) ;
c o u t << e n d l ;
c o u t << ”======================================= \n ” ;
c o u t << ”===== RUNNING THE MODEL ===== \n ” ;
c o u t << ”======================================= \n ” ;
c o u t << e n d l ;
s e t O p t i o n ( ” swi t chDes ” , ”DESIGN” ) ;
a u t o S o l v e r S e t u p ( ) ;
s o l v e r . r em ov e In de pe nd en t ( ” P ln . i n d P t ” ) ;
s o l v e r . removeDependent ( ” P ln . i n t e g r h o ” ) ;
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s o l v e r . m a x I t e r a t i o n s = 100 ;
CASE++;
run ( ) ;
c o u t << e n d l ;
c o u t << ”======================================= \n ” ;
c o u t << ”===== RUNNING OFFDESIGN ===== \n ” ;
c o u t << ”======================================= \n ” ;
c o u t << e n d l ;
s e t O p t i o n ( ” swi t chDes ” , ”OFFDESIGN” ) ;
a u t o S o l v e r S e t u p ( ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r1 . ind W ” ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r2 . ind W ” ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r3 . ind W ” ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r4 . ind W ” ) ;
/ / s o l v e r . r emove Independen t (” Pln . i n d P t ”) ;
/ / s o l v e r . removeDependent (” Pln . i n t e g r h o ”) ;
c o u t << e n d l ;
c o u t << ” S o l v e r Indep and Dep v a r i a b l e s ” << e n d l ;
c o u t << e n d l ;
c o u t << s o l v e r . l i s t ( ” I n d e p e n d e n t ” ) ;
c o u t << e n d l ;
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c o u t << s o l v e r . l i s t ( ” Dependent ” ) ;
c o u t << e n d l ;
PDE1 . timeBD =0;
PDE2 . timeBD =0;
PDE3 . timeBD =0;
PDE4 . timeBD =0;
/ / s o l v e r . m a x I t e r a t i o n s = 200;
CASE++;
run ( ) ;
c o u t << e n d l ;
c o u t << ”======================================== \n ” ;
c o u t << ”===== RUNNING TRANSIENT ===== \n ” ;
c o u t << ”======================================== \n ” ;
c o u t << e n d l ;
s e t O p t i o n ( ” swi t chDes ” , ”OFFDESIGN” ) ;
s e t O p t i o n ( ” s o l u t i o n M o d e ” , ”TRANSIENT” ) ;
a u t o S o l v e r S e t u p ( ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r1 . ind W ” ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r2 . ind W ” ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r3 . ind W ” ) ;
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s o l v e r . r em ov e In de pe nd en t ( ” FsAi r4 . ind W ” ) ;
c o u t << e n d l ;
c o u t << ” S o l v e r Indep and Dep v a r i a b l e s ” << e n d l ;
c o u t << e n d l ;
c o u t << s o l v e r . l i s t ( ” I n d e p e n d e n t ” ) ;
c o u t << e n d l ;
c o u t << s o l v e r . l i s t ( ” Dependent ” ) ;
c o u t << e n d l ;
t ime =0;
t r a n s i e n t . minTimeStep = 1E−7;
t r a n s i e n t . baseTimeStep = 0 . 0 0 0 0 1 ;
t r a n s i e n t . s topTime = 0 . 1 ;
CASE ++;
run ( ) ;
C.3.3 PDE Trb rig TRANS.run
se tThermoPackage ( ” GasTbl ” ) ;
# i n c l u d e ” PDE Trb r ig . mdl ”
/ / Load t h e CaseRowViewer f i l e
# i n c l u d e ” PDEResultsRow TRANS . view ” ;
/ / Save run r e s u l t s i n o u t p u t f i l e EngDesign . t x t
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os PDEResultsRow TRANS . f i l e n a m e = ” PDEResults TRANS . t x t ” ;
/ / s e t t h e v i ewe r o u t p u t f i l e name
/ / Add v i ewe r t o s o l v e r p o s tE x e c u t i o nS equ en c e . Th i s w i l l
a u t om a t i c a l l y upda t e t h e
/ / v i ewe r a f t e r e v e r y t ime s t e p conve rgence .
s o l v e r . p o s t E x e c u t i o n S e q u e n c e . append ( ” PDEResultsRow TRANS ”
) ;
p o s t s o l v e r S e q u e n c e . append ( ” p r i n t R e s u l t s ” ) ;
c o u t << e n d l ;
c o u t << ”======================================= \n ” ;
c o u t << ”===== RUNNING THE MODEL ===== \n ” ;
c o u t << ”======================================= \n ” ;
c o u t << e n d l ;
/ / Load t h e CaseRowViewer f i l e
/ / # i n c l u d e ”PDEResultsRow . v iew ”;
/ / Save run r e s u l t s i n o u t p u t f i l e
/ / os PDEResul tsRow . f i l e n ame = ”PDEResul ts . t x t ”;
/ / Run t h e model
s e t O p t i o n ( ” swi t chDes ” , ”DESIGN” ) ;
a u t o S o l v e r S e t u p ( ) ;
/ / Turn o f f Trb PR indep so PR = PRdes
/ / s o l v e r . r emove Independen t (” Trb . S map . ind PRbase ”) ;
/ / Vary Ld . t rqLoad t o ba lance ou t t u r b i n e power
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/ / s o l v e r . add Independen t (” i n d t r q ”) ;
CASE++;
run ( ) ;
c o u t << e n d l ;
c o u t << ”======================================== \n ” ;
c o u t << ”===== RUNNING OFF DESIGN ===== \n ” ;
c o u t << ”======================================== \n ” ;
c o u t << e n d l ;
/ / Run t h e model
s e t O p t i o n ( ” swi t chDes ” , ”OFFDESIGN” ) ;
a u t o S o l v e r S e t u p ( ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r . ind W ” ) ;
s o l v e r . r em ov e In de pe nd en t ( ” Sh . ind Nmech ” ) ;
s o l v e r . removeDependent ( ” Sh . i n t e g r a t e N m e c h ” ) ;
c o u t << e n d l ;
c o u t << ” S o l v e r Indep and Dep v a r i a b l e s ” << e n d l ;
c o u t << e n d l ;
c o u t << s o l v e r . l i s t ( ” I n d e p e n d e n t ” ) ;
c o u t << e n d l ;
c o u t << s o l v e r . l i s t ( ” Dependent ” ) ;
c o u t << e n d l ;
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PDE . timeBD =0;
CASE++;
run ( ) ;
c o u t << e n d l ;
c o u t << ”======================================== \n ” ;
c o u t << ”===== RUNNING TRANSIENT ===== \n ” ;
c o u t << ”======================================== \n ” ;
c o u t << e n d l ;
p o s t s o l v e r S e q u e n c e . remove ( ” p r i n t R e s u l t s ” ) ;
s e t O p t i o n ( ” swi t chDes ” , ”OFFDESIGN” ) ;
s e t O p t i o n ( ” s o l u t i o n M o d e ” , ”TRANSIENT” ) ;
a u t o S o l v e r S e t u p ( ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r . ind W ” ) ;
s o l v e r . r em ov e In de pe nd en t ( ” Sh . ind Nmech ” ) ;
s o l v e r . removeDependent ( ” Sh . i n t e g r a t e N m e c h ” ) ;
c o u t << e n d l ;
c o u t << ” S o l v e r Indep and Dep v a r i a b l e s ” << e n d l ;
c o u t << e n d l ;
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c o u t << s o l v e r . l i s t ( ” I n d e p e n d e n t ” ) ;
c o u t << e n d l ;
c o u t << s o l v e r . l i s t ( ” Dependent ” ) ;
c o u t << e n d l ;
/ / t ime =0;
t r a n s i e n t . minTimeStep = 1E−7;
t r a n s i e n t . baseTimeStep = PDE . d t ;
/ / t r a n s i e n t . ba seT imeS t ep = 0 .0000001 ;
t r a n s i e n t . s topTime = PDE . end t ime ;
t r a n s i e n t . m a x I t e r a t i o n s =30;
CASE++;
t r a n s i e n t . run ( ) ;
C.3.4 PDE lone.mdl
/ / F i l e Name : MyValve example . run
/ / Date : January 2014
/ / Au thor : L . Ferrer−V ida l
/ /
/ / D e s c r i p t i o n : Model t o d emon s t r a t e t h e a cus tom va l v e
e l emen t .
/ / Va lve p r e s s u r e drop i s a f u n c t i o n o f
v a l v e p o s i t i o n .
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/ / A s o l v e r ba lance i s used t o vary t h e
F l owS t a r t f l ow r a t e
/ / so t h a t t h e v a l v e e x i t s t a t i c p r e s s u r e
matches t h e FlowEnd
/ / s t a t i c p r e s s u r e .
/ /
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / f i l e c o n t a i n s u n i t names , s o c k e t t y p e s , e r r o r
s t a t emen t s , and some c o n s t a n t s
# i n c l u d e < I n t e r p I n c l u d e s . ncp>
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S e t Thermodynamic Package
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
se tThermoPackage ( ” GasTbl ” ) ; / / a i r p r o p e r t i e s , d e v e l oped
by P r a t t and Whi tney
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ / User−Def i ned E lemen t s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Load t h e MyValve e l emen t f i l e
# i n c l u d e ” P u l s e D e t . i n t ” ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / User−Def i ned Tab l e s and Func t i o n s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / User−De f i ned Va r i a b l e s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Model D e f i n i t i o n
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S t a r t t h e f l ow o f a i r
Element Ambient Amb {
switchMode = ”PTTTMN” ; / / i n p u t s are P t i n , T t i n
, MN in
P t i n = 101 .325 ” kPa ” ;
T t i n = 298 ”K” ;
MN in = 0 . 0 ;
}
Element I n l e t S t a r t FsAi r {
AmbientName = ”Amb” ;
W in = 1 5 . 5 ; / / lbm / s e c
}
Element F u e l S t a r t FusEng {
LHV = 46.135∗10∗∗6 ” J / kg ” ; / / J / kg
} / / End FusEng
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/ / Pu l s e De t ona t i on Engine Element
Element PDEbrn PDE {
/ / t ime =0.02940785;
timeBD = 0 . 0 0 0 0 5 ;
d t =1E−5;
FAR = ( 1 / 1 5 . 5 ) ;
L = 2 ”m” ;
FrqDes =32;
/ / A = 1 ”m2”;
}
/∗ Element Turb ine Trb {
PRbase=3;
e f fD e s =0 .9 ;
Sh O . i n e r t i a = 0 . 5 ; / / S lug−f t 2 , t u r b i n e wheel
i n e r t i a
# i n c l u d e ”hptE3 . map”;
} / / End Trb ∗ /
/∗
Element Load Ld{
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t rqLoad= 1;
} ∗ /
/∗ Element S h a f t Sh {
/ / Mechanica l Po r t s . These are c r e a t e d as
needed on t h e s h a f t .
/ / S h a f t I n p u t P o r t Sh ICmp ; / / c r e a t e a s h a f t p o r t
f o r a mechan i ca l c o nn e c t i o n be tween t h e s h a f t
and t h e compressor
S h a f t I n p u t P o r t Sh IT rb ; / / c r e a t e a s h a f t p o r t
f o r a mechan i ca l c o nn e c t i o n be tween t h e s h a f t
and t h e t u r b i n e
S h a f t I n p u t P o r t Sh ILd ;
Nmech = 10000 . ; / / rpm , s h a f t speed
Sh . i n e r t i a =0 .2 ;
} / / End Sh ∗ /
/ / End t h e f l ow o f a i r
Element FlowEnd FeAir ;
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Component L i nkage s LFV
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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l i n k P o r t s ( ” FusEng . Fu O ” , ”PDE . F u I ” , ” F u I n j ” )
; / / LFV
l i n k P o r t s ( ” FsAi r . Fl O ” , ”PDE . F l I ” , ” OxIn j ” )
; / / LFV
l i n k P o r t s ( ”PDE . Fl O ” , ” FeAir . F l I ” , ” F04 ” ) ;
/ / LFV
/∗ l i n k P o r t s ( ”PDE . Fl O” , ”Dct . F l I ” , ”F041 ”) ;
/ / LFV
l i n k P o r t s ( ”Dct . Fl O” , ”Trb . F l I ” , ”F04”) ;
/ / LFV
l i n k P o r t s ( ”Trb . Fl O” , ”FeAir . F l I ” , ”F05”) ;
/ / LFV ∗ /
/ / l i n k P o r t s ( ”PDE . Fl O” , ”Trb . F l I ” , ”F04”) ;
/ / LFV
/ / l i n k P o r t s ( ”Trb . Fl O” , ”FeAir . F l I ” , ”F05”) ;
/ / LFV
/ / L ink S h a f t Po r t s
/ / l i n k P o r t s ( ”Trb . Sh O” ,” Sh . Sh IT rb ” ,”
MeTrb” ) ; / / LFV
/ / l i n k P o r t s ( ”Ld . Sh O” ,” Sh . Sh ILd” ,”MeLd
” ) ; / / LFV
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/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S o l v e r Sequence
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / P r i n t Des i r ed Va lues t o t h e Command Prompt −
Custom Func t i on
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Crea t e a cus tom f u n c t i o n t o p r i n t t h e model r e s u l t s
v a l u e s .
/ / R e s u l t s w i l l be p r i n t e d t o t h e command window whenever
t h e
/ / f u n c t i o n ” p r i n t R e s u l t s ( ) ” g e t s c a l l e d .
void p r i n t R e s u l t s ( ) {
/ / P r i n t ou t a l i s t o f t h e a c t i v e s o l v e r
i n d e p e nd e n t s and dependen t s t o t h e command
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prompt
/∗ cou t << end l ;
c ou t << ” So l v e r Indep and Dep v a r i a b l e s ” << end l ;
c ou t << end l ;
c ou t << s o l v e r . l i s t ( ” I nd ependen t ” ) ;
c ou t << end l ;
c ou t << s o l v e r . l i s t ( ”Dependent” ) ;
c ou t << end l ; ∗ /
/ / P r i n t ou t some v a r i a b l e s
c o u t << e n d l ;
c o u t << ” S o l v e r Indep and Dep v a r i a b l e s ” << e n d l ;
c o u t << e n d l ;
c o u t << s o l v e r . l i s t ( ” I n d e p e n d e n t ” ) ;
c o u t << e n d l ;
c o u t << s o l v e r . l i s t ( ” Dependent ” ) ;
c o u t << e n d l ;
c o u t << e n d l ;
c o u t << ”DETONATION \n ” ;
c o u t << ”−−−−−−−−−−−−−−−−−−−−−−−− \n ” ;
c o u t << ” P c j = ” << PDE . P c j o u t << ” ”<< PDE .
P c j o u t . u n i t s << e n d l ;
c o u t << ” Tc j = ” << PDE . T c j o u t << ” ”<< PDE .
T c j o u t . u n i t s << e n d l ;
c o u t << ” Ucj = ” << PDE . vdou t << ” ”<< PDE .
vdou t . u n i t s << e n d l ;
c o u t << ”MN Flow = ” << PDE . MN FLOWout << ” ” <<
e n d l ;
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c o u t << e n d l ;
c o u t << ”TIME = ” << PDE . timeBD << ” ”<< PDE .
timeBD . u n i t s<< e n d l ;
c o u t << ”−−−−−−−−−−−−−−−−−−−−−−−− \n ” ;
c o u t << ” p i 0 = ” << PDE . P r a t i o << ” ”<< e n d l ;
c o u t << ” t 0 = ” << PDE . T r a t i o << ” ”<< e n d l ;
c o u t << ” Ps 4 = ” << PDE . Ps4o u t << ” ”<< PDE .
Ps 4ou t . u n i t s << e n d l ;
c o u t << ” P t 4 = ” << PDE . P t 4 o u t << ” ”<< PDE .
P t 4 o u t . u n i t s << e n d l ;
c o u t << ” Ts 4 = ” << PDE . Ts4ou t << ” ”<< PDE .
Ts4ou t . u n i t s << e n d l ;
c o u t << ” Tt 4 = ” << PDE . T t 4 o u t << ” ”<< PDE .
T t 4 o u t . u n i t s << e n d l ;
c o u t << ”W 4 = ” << PDE . massf low << ” ”<< PDE .
massf low . u n i t s << e n d l ;
c o u t << ” Freq = ” << PDE . Frq << ” ”<< e n d l ;
c o u t << ” FreqDes = ” << PDE . FrqDes << ” ”<< e n d l ;
c o u t << ”W i n = ” << OxInj .W<< ” ”<<FsAi r . W in .
u n i t s<< e n d l ;
/ / c ou t << ”Wc 4 = ” << Trb . WpCalc << ” ”<< Trb .
Wp . u n i t s << end l ;
/ / c ou t << ”WcDes 4 = ” << Trb . WpDes << ” ”<<
Trb .Wp . u n i t s << end l ;
c o u t << ”M 4 = ” << PDE . Mout << ” ”<< PDE . Mout .
u n i t s << e n d l ;
c o u t << e n d l ;
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/∗ / / Check f o r s o l v e r conve rgence
cou t << ” So l v e r converged (1 = yes , 0 = no ) ? = ”
<< s o l v e r . converged << end l ;
/ / C o n s t r a i n t s
cou t << ”Co n s t r a i n t s A c t i v e ? = ” << s o l v e r .
c o n s t r a i n t s A c t i v e << end l ;
c ou t << ”Co n s t r a i n t s H i t = ” << s o l v e r .
c o n s t r a i n t s H i t ( ) << end l ;
c ou t << end l ; ∗ /
}
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S o l v e r Va r i a b l e s
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/∗
Sh{
I n d ep enden t ind N {
varName=”Nmech”;
}
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Dependent dep PR{
e q l h s =”Trb . PR”;
e q r h s =”1.2”;
}
}
∗ /
/∗ Dct{
I n d ep enden t i nd A {
varName=”Fl O . A”;
}
Dependent dep PR{
e q l h s =”Trb . PR”;
e q r h s =”1.2”;
}
}
∗ /
/∗ Trb{
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I n d ep enden t ind PRbase {
varName=”PRbase ”;
}
Dependent dep Wpcalc {
e q l h s = ”WpCalc ”; / / model v a l u e
e q r h s = ” F l I .W”; / / t a r g e t
v a l u e
}
} ∗ /
/ / Apply t h e c o n s t r a i n t t o t h e d e s i r e d s o l v e r dependen t
v a r i a b l e
/ / dep Y . a ddCon s t r a i n t ( ”Xmax” , ”MAX”) ;
/ / I n v e r t t h e c o n s t r a i n t i f t h e c o n s t r a i n e d v a r i a b l e and
co r r e s pond i ng dependan t have o p p o s i t e s l o p e s
/ / dep Y . i n v e r t C o n s t r a i n t (”Xmax”) ;
/ / ∗ /
/∗
//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Add or remove s o l v e r i n d e p e n d e n t s and dependen t s
//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
s o l v e r . add Independen t ( ” ind X” ) ;
158
ERAU Luis E. Ferrer-Vidal
s o l v e r . addDependent ( ”dep Y” ) ;
/ / s o l v e r . r emove Independen t ( ” ind X” ) ;
/ / s o l v e r . removeDependent ( ”dep Y” ) ;
/ / Turn s o l v e r c o n s t r a i n t s on or o f f
dep Y . u s eC o n s t r a i n t s = FALSE ; / / TRUE or FALSE
∗ /
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Save s o l v e r d e t a i l s t o a f i l e
/ /
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Save s o l v e r i t e r a t i o n d e t a i l s t o t h e f i l e ” s o l v e r .
d e t a i l s ”
/ / s o l v e r . debugLeve l = ”ITERATION DETAILS”;
/ / s o l v e r . d i a g n o s t i c F i l e = ” s o l v e r . d e t a i l s ”;
/ /−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S e t some model pa rame t e r s j u s t b e f o r e runn ing t h e
model
/ /−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / S e t A i r S t a r t o u t l e t t empe r a t u r e
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/ / A i r S t a r t . T t = 800; / / Rank ine
/ / S e t V lv Qdot
/ / V lv . Q in = 100; / / BTU / s
/ /−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
/ / Run t h e model
/ /−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
c o u t << e n d l ;
c o u t << ”======================================= \n ” ;
c o u t << ”===== RUNNING THE MODEL ===== \n ” ;
c o u t << ”======================================= \n ” ;
c o u t << e n d l ;
/ / Vary t h e f l ow s t a r t f l ow r a t e t o ba lance t h e f l ow end
s t a t i c p r e s s u r e
/∗ s o l v e r . add Independen t (” FsAi r . ind W ”) ;
s o l v e r . addDependent (” FeAir . dep Ps ”) ; ∗ /
/ / Load t h e CaseRowViewer f i l e
# i n c l u d e ” PDELoneResultsRow . view ” ;
/ / Save run r e s u l t s i n o u t p u t f i l e EngDesign . t x t
os PDEResultsRow . f i l e n a m e = ” PDELoneResul ts . t x t ” ; / / s e t
t h e v i ewe r o u t p u t f i l e name
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s o l v e r . p o s t E x e c u t i o n S e q u e n c e . append ( ” PDEResultsRow ” ) ;
/ / Run t h e model
s e t O p t i o n ( ” swi t chDes ” , ”DESIGN” ) ;
s o l v e r . addDependent ( ”PDE . d e p e r r F r q ” ) ;
s o l v e r . a d d I n d e p e n d e n t ( ” FsAi r . ind W ” ) ;
/ / s o l v e r . r emove Independen t (” FsAi r . ind W ”) ;
CASE ++;
run ( ) ;
/ / P r i n t model r e s u l t s t o t h e command window
p r i n t R e s u l t s ( ) ;
c o u t << e n d l ;
c o u t << ”======================================== \n ” ;
c o u t << ”===== RUNNING OFF DESIGN ===== \n ” ;
c o u t << ”======================================== \n ” ;
c o u t << e n d l ;
/∗ s o l v e r . add Independen t (” Trb . ind PRbase ”) ;
s o l v e r . addDependent (” Trb . dep Wpcalc ”) ; ∗ /
s e t O p t i o n ( ” swi t chDes ” , ”OFFDESIGN” ) ;
a u t o S o l v e r S e t u p ( ) ;
s o l v e r . r em ov e In de pe nd en t ( ” FsAi r . ind W ” ) ;
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/∗ s o l v e r . add Independen t (” Trb . S map . ind PRbase ”) ;
s o l v e r . addDependent (” Trb . S map . dep errWp ”) ; ∗ /
/∗ s o l v e r . r emove Independen t (” Sh . ind Nmech ”) ;
s o l v e r . removeDependent (” Sh . i n t e g r a t e Nmech ”) ; ∗ /
CASE ++;
i n t i =0 ;
PDE . timeBD =0;
whi le (PDE . timeBD<PDE . t imeE ) {
run ( ) ;
/ / PDEResultsRow . upda t e ( ) ;
i ++;
PDE . timeBD =( i ) ∗PDE . d t ;
/ / p r i n t R e s u l t s ( ) ;
}
/∗
cou t << end l ;
c ou t << ”======================================== \n”;
cou t << ”===== RUNNING TRANSIENT ===== \n”;
cou t << ”======================================== \n”;
cou t << end l ;
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s e tOp t i o n (” sw i t chDes ” , ”OFFDESIGN”) ;
s e tOp t i o n (” so l u t i onMode ” , ”TRANSIENT”) ;
c l e a r S o l v e r T e rm s ( ) ;
a u t o S o l v e r S e t u p ( ) ;
/ / s o l v e r . add Independen t (” Sh . ind Nmech ”) ;
/ / s o l v e r . addDependent (” Sh . i n t e g r a t e Nmech ”) ;
t r a n s i e n t . baseT imeS t ep = PDE . d t ;
t r a n s i e n t . s t opT ime = PDE . t imeE ;
t r a n s i e n t . run ( ) ;
p r i n t R e s u l t s ( ) ; ∗ /
C.4 Auxiliary Files
/ / F i l e : PDEResultsRow TRANS . v iew
/ / Example o f how t o s e t u p a CaseRowViewer
/ / Note : In o rde r t o have t h e CaseRowViewer save t h e
model r e s u l t s i n a s e p a r a t e f i l e ,
/ / use t h e upda t e ( ) f u n c t i o n ( i . e . CompResultsRow
. upda t e ( ) )
/ / a f t e r t h e model run ( ) f u n c t i o n i s i s s u e d . Or
add CompResultsRow t o t h e s o l v e r . p o s tEx e cu t i onSequenc e
,
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/ / and t h en t h e upda t e ( ) f u n c t i o n i o s no t r e q u i r e d .
/ / CompResultsRow . i s A c t i v e must a l s o be s e t t o TRUE
( which i s t h e d e f a u l t v a l u e ) .
/ / Crea t e an o u t p u t s t r eam named os EngResu l t sRow
O u t F i l e S t r e a m os PDEResultsRow TRANS {
/ / Name o f t h e o u t p u t f i l e t h a t i s c r e a t e d by
t h i s ou t s t r eam
f i l e n a m e = ” c o u t ” ; / / s e n t r e s u l t s t o t h e command
prompt
/ / f i l e n ame = ”EngRe su l t s . t x t ”;
}
/ / Crea t e t h e Case Row Viewer named EngResul t sRow
DataViewer CaseRowViewer PDEResultsRow TRANS {
/ / S p e c i f y t h e Ou tF i l eS t r eam o b j e c t t o use f o r
t h i s v i ewe r
ou tS t r ea mHand le = ” os PDEResultsRow TRANS ” ;
/ / S e t t h e d e f a u l t number f o rma t f o r r e a l and
s c i e n t i f i c n o t a t i o n
d e f R e a l F o r m a t = ” ? ? ? ? ? ? ? ? . ? ? ? ? ? ? ” ;
defSNFormat = ” ? ? . ? ? ? ? ? ? E???? ” ;
/ / L i s t t h e v a r i a b l e s t h a t you want t o p r i n t t o
t h e o u t p u t f i l e
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v a r i a b l e L i s t = {
” t ime : ? . ? ? ? ? ? ? ? ? ? ? ? ? ? = Time ( s
) ” ,
”PDE . P s4ou t : ? ? ? ? ? . ? ? = Ps4 ( kPa
) ” ,
”PDE . P t 4 o u t : ? ? ? ? ? . ? ? = Pt4 ( kPa
) ” ,
”PDE . Ts4ou t : ? ? ? ? ? . ? ? = Ts4 (K) ”
,
”PDE . T t 4 o u t : ? ? ? ? ? . ? ? = Tt4 (K) ”
,
”PDE . v e l o u t : ? ? ? . ? ? = Vax4 (m/ s )
” ,
/ / ”PDE . adcou t : ? .?????? = ADC s
” ,
”PDE . massf low : ? ? ? . ? ? = W4 ( kg / s
) ” ,
”PDE . MNout : ? . ? ? ? ? ? ? ? ? ? = MN4 ” ,
”PDE . h t o u t : ? ? ? ? ? ? ? . ? ? ? ? = h t 4 ( J
/ kg ) ” ,
” Trb . e f f : ? . ? ? ? ? = TRB EFF ” ,
” Trb . PR : ? ? . ? ? ? ? = TRB PR ” ,
” Sh . Nmech : ? ? ? ? ? ? ? = TRB RPM ” ,
” Trb .Wp : ? ? ? . ? ? ? = Wp ”
/ / ”Trb . WpCalc : ??? .??? = WpCalc ”
/ / ”Trb . F l I .W : ???.??= TRB W (
lbm / s ) ”
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/∗ ”CMP. F l I . T t : ????? .?? = Tt2
(R ) ” ,
”CMP. Fl O . Pt : ????? .?? = Pt3 (
p s i a ) ” ,
”CMP. Fl O . T t : ????? .?? = Tt3 (R )
” ,
”Sh . Nmech : ??????? = RPM” ,
”CMP. NcPct : ??? .??? = NcPct ” ,
”CMP.SMN : ??? .??? = SM” ,
”CMP. WcBase : ??? .???? = Wc ( lbm / s
) ” ,
”CMP. PR: ?? .???? = PR” ,
”CMP. e f f : ? .????? = E f f ” ∗ /
}
t i t l e B o d y = ” ” ; / / T i t l e t o d i s p l a y ( i f d e s i r e d )
t i t l e V a r s = {} ;
/ / P r i n t t h e Case i n t h e f i l e header
caseHeaderBody = ” Case ??? ” ; / / Case header t i t l e
t o d i s p l a y
c a s e H e a d e r V a r s = {”CASE” } ; / / A c t u a l case number
pageWidth = 10000 ;
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p a g e H e i g h t = 1 0 0 0 0 . ;
}
/ / Add t h e EngResul t sRow v i ewe r t o t h e s o l v e r p o s t
e x e c u t i o n sequence .
/ / Th i s way , t h e EngResut l sRow CaseRow v i ewe r w i l l be
e x e c u t e d when t h e model i s done runn ing
/ / and t h e upda t e ( ) f u n c t i o n i s no t r e q u i r e d ( as long as
i s A c t i v e = TRUE) .
/ / s o l v e r . p o s tE x e c u t i o nS equ en c e . append (” EngResul t sRow ”) ;
/ / I gno r e any c a l l s t o upda t e ( ) i f i s A c t i v e = FALSE
/ / EngResul t sRow . i s A c t i v e = FALSE ; / / d e f a u l t i s TRUE .
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